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It has been established that low concentrations of H2O2 are produced in wounds. Yet at the 
same time, there is evidence that excessive oxidative damage is correlated with chronic 
wounds. In this thesis we explored the effects of H2O2 in keratinocyte cell culture models and 
an in vivo excision wound model of wound healing.  
 
H2O2 stimulates a persistent ERK phosphorylation in HaCaT keratinocytes which was found 
to be important in cell proliferation and migration. H2O2 also increases the production of pro-
inflammatory and pro-angiogenic cytokines such as Vascular endothelial growth factor, 
Interleukin-8, Granulocyte-macrophage colony-stimulating factor, Tumor necrosis factor-α, 
interleukin-6 and Interferon gamma-induced protein 10, in HaCaT keratinocytes. H2O2 was 
found to increase re-epithelialization in a primary fibroblast-keratinocyte co-culture model as 
well.  
 
In a C57BL/6 mice excision wound model, low concentrations of H2O2 (10 mM) were found 
to enhance angiogenesis while high concentrations of H2O2 (166 mM) retarded wound 
closure and connective tissue formation. High concentrations of H2O2 also increased the 
levels of MMP-8 in the wounds, which could be the cause of reduced connective tissue 
formation. Wounding was found to increase oxidative lipid damage, as measured by F2-
isoprostanes, but H2O2 treatment does not significantly increase it even at concentrations that 
delay wound healing. This challenges the putative claim that oxidative damage contributes to 
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Chapter 1: A review of the role of H2O2 in wound healing 
 
1.1 The wound healing process 
Wound healing can be categorized into three overlapping phases, namely inflammatory, 
proliferation and remodelling phase. The events in each phase are described in this section.  
 
1.1.1 Inflammatory Phase   
The inflammation process in dermal wounds and other tissues has been reviewed by Janeway 
et. al [1]. Inflammation is derived from the latin word, inflammare, which is to set on fire. 
Clinically, inflammation is characterized by redness, swelling, increased temperature and 
pain. These are largely caused by increased vasodilatation, increased vasopermeability and 
infiltration of inflammatory cells.  
 
The inflammation process in wound healing begins with platelets forming a hemostatic plug. 
Products of the clotting cascade, fibrin and fibrinopeptides, serve as one of the signals for 
increasing vasodilation and vasopermeability. The clotting cascade also induces the release of 
bradykinin and activation of the complement cascade, which leads to formation of the 
complement fragments C3a and C5a [2]. These complement fragments are important 
mediators of inflammation and phagocyte recruitment. Degranulated platelets secrete 
cytokines and chemokines which further attract inflammatory cells such as neutrophils and 
monocytes. Besides cytokines, inflammatory cells can also be attracted to the wound site by a 
huge variety of chemotatic signals including H2O2 [3], lipopolysaccharide (LPS) and formyl 




 The migration of leukocytes out of blood vessels is known as extravasation. Under normal 
conditions, leukocytes flow freely in the bloodstream. During inflammation, due to 
vasodilation, flow rate reduces and leukocytes flow close to the wall of the blood vessel and 
interact directly with the endothelium. Inflammatory signals such as C5a, histamine or LPS 
induce the expression of P-selectin and E-selectin on endothelial cells [4]. This leads to 
reversible adhesion of leukocytes on the endothelium, causing circulating leukocytes to travel 
by „rolling‟ on the endothelium. The leukocytes stop rolling as they approach the site of 
inflammation due to strong cell-cell adhesion between the integrins LFA-1 and Complement 
receptor 3 (CR3) on leukocytes and ICAM-1 on the endothelium [5]. Injury, low shear stress, 
LPS and proinflammatory cytokines such as Tumor necrosis factor-α (TNF-α) and Il-1 can 
induce expression of ICAM-1 in endothelial cells [6, 7].  
 
LFA-1 and CR3 further interact with CD31 on endothelial cells, enabling the leukocytes to 
squeeze through the intercellular junctions of the endothelium. Once outside the endothelium, 
leukocytes migrate to the site of injury by chemotaxis, along a concentration gradient of 
chemokines, such as IL-8. Interestingly, H2O2 can also increase expression of ICAM-1 [8] 
and IL-8. (section 1.4.3). 
 
Neutrophils are usually the first inflammatory cells to arrive at the wound site. Their numbers 
peak at 1-2 days after wounding after which they gradually decline [9]. As neutrophils do not 
multiply, all neutrophils in the wound are derived from the circulatory system. They help to 
clean the wound of foreign particles, bacteria and dead tissues, by phagocytosis. ROS as well 
as various proteases are released into the phagocytic vacuole to kill and/or breakdown these 
foreign materials. Neutrophils also produce many growth factors which stimulate the growth 




The number of macrophages in the wound begins to increase 48 to 96 hours after injury and 
they become the predominant leukocyte [11]. Macrophages are derived from circulating 
peripheral blood monocytes which migrate into tissues in response to inflammation.  Similar 
to neutrophils, macrophages also remove bacteria and foreign particles by phagocytosis but 
perform it much more efficiently than neutrophils. They therefore play an important role in 
debridement [12]. Macrophages also produce many important cytokines that regulate the 
proliferation and migration of fibroblast, endothelial cells and keratinocytes [13].  
 
While it is obvious that inflammation is needed to maintain the sterility of the wound, 
debridement, as well as production of cytokines, the failure to resolve inflammation will also 
lead to tissue damage and impaired healing [14, 15]. Resolution of inflammation is marked 
by the disappearance of soluble inflammatory mediators, cessation of neutrophils and 
monocytes emigration and clearance of neutrophils by apoptosis and macrophage 
phagocytosis. Recent studies have also shown that neutrophils can also migrate out of the 
wound and enter the systemic circulation, at least in zebrafish [16].  The contribution of the 
two processes, neutrophil apoptosis and retrograde migration, in inflammation resolution is 
still not clear in mammals. Nevertheless, there is evidence that phagocytosis of dying 
neutrophils by macrophages changes the macrophage from a pro-inflammatory to an anti-
inflammatory phenotype [17]. This macrophage phenotype secretes less inflammatory 
cytokines and more growth factors that stimulate proliferation of keratinocytes and 
fibroblasts [18].  
 
1.1.2 Is inflammation beneficial in wound healing? 
Although the objective of this thesis is to shed light on whether ROS, particularly H2O2, are 
beneficial in wound healing, the discussion would be incomplete without mentioning the role 




A common misconception is that ROS in wounds equates to inflammation and vice versa. 
Hence, my objective to determine if ROS is beneficial in wound healing is perceived as being 
equivalent to the significantly more profound question of whether inflammation is beneficial 
in wound healing. This assumption is wrong on several accounts. Firstly, while neutrophils 
and macrophages are important sources of ROS, they are not the only source of ROS in 
wounds. Resident cells are also important sources of ROS and will be discussed in section 1.3.  
 
Secondly, inflammation need not be associated with increased ROS. Upon phagocytosis of a 
foreign body, the oxygen consumption rate of phagocytes increase greatly and this oxygen is 
used for the production of ROS in wounds. However, one should also note that wounds are 
often hypoxic. Oxygen availability and vasculature are often the limiting factor in wound 
healing [19]. Neutrophils are unable to produce ROS at pO2 below 40mm Hg, which can 
happen in chronic wounds [20]. Thus, chronic wounds may have prolonged inflammation but 
might not have sufficient oxygen supply to produce ROS.  
 
Lastly, ROS are not the only mechanism by which phagocytes kill invading bacteria
 
[21]. 
This knowledge stems from the clinical observation that neutrophils from patients with 
chronic granulomatous disease (CGD) have no problem killing most types of bacteria. CGD 
arises when any of the proteins in the NADPH oxidase complex is defective, resulting in little 
or no O2
.-
 being produced. More importantly, neutrophils have been shown to kill some 
strains of bacteria under anaerobic conditions [22]. During phagocytosis, bacteria are 
engulfed into vacuoles and ROS are produced in the vacuoles. Various anti-microbial agents 
stored in cytoplasmic granules are also discharged into the vacuoles. They include 
antimicrobial cationic peptides, lysozyme and neutral proteinases such as cathepsin G, 
elastase and proteinase 3. Interestingly mice deficient in these neutral proteinases were also 
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susceptible to bacterial infection [23-25]. It is clear that ROS are not the only way that 
inflammatory cells kill bacteria and therefore the presence of inflammatory cells in wounds 
cannot be taken as unequivocal proof of increased ROS in wounds. 
 
Having established that the investigation of the role of ROS in wounds is a problem distinct 
from the role of inflammation in wounds, what is our current knowledge of the role of 
inflammation in wound healing? Removal of macrophages from wounds with the use of 
macrophage antisera retards wound healing [26] while the removal of neutrophils with 
antisera results in faster healing [27]. PU.1 is a key transcription factor for the differentiation 
of common myeloid progenitor cells to the granulocytes and monocytes lineage. PU.1 
knockout mice lack macrophages, neutrophils and platelets yet heal faster than wild type 
mice [12]. Smad3 knockout mice have defective TGF-β signaling and greatly reduced 
number of neutrophils and macrophages in their wounds but have accelerated healing [28]. 
Mice deficient in the macrophage chemoattractant macrophage inflammatory protein 1α 
(MIP1α) showed no change in wound healing but knocking out another chemoattractant for 
macrophage, monocyte chemotactic protein 1 (MCP-1), delayed wound healing [29]. The 
role of inflammatory cells in wound healing is complex and there is no one straightforward 
answer to whether inflammation is beneficial in wound healing. Only one fact is certain; none 
of the inflammatory cells are absolutely required for healing [30].  
 
1.1.3 Proliferation and Remodelling Phase   
The two main activities of the proliferation phase are the restoration of the epidermis and the 
dermis. After these, the healed wound is remodeled into a scar. These processes are well 




The restoration of the epidermis is also known as re-epithelialization. The wound is 
resurfaced with new epithelium by the migration and proliferation of keratinocytes at the 
periphery of the wound.  Re-epithelialization begins about 2 days after injury [11]. 
Keratinocytes at the wound edge need to undergo marked phenotypic alterations before they 
start migration. Hemidesmosomes that are used for attachment onto the basement membrane 
have to be disassembled. Peripheral cytoplasmic actin filaments are formed for motility. 
There are also marked changes in expression of integrins to allow the keratinocytes to 
migrate over the provisional matrix that consists primarily of fibrin, fibronectin and 
hyaluronic acid [33]. The initial deposition of provisional matrix is derived from serum and 
the clotting process. Subsequently, as fibroblasts migrate into the wound site, they become 
the main cellular source for the provisional matrix. In cases where the basement membrane 
zone is not damaged during wounding, migration of keratinocytes can take place very 
rapidly[34].  
 
The migrating epithelium consists not of dissociated cells but of a unified cell sheet which 
still retains its barrier properties as it migrates across the wound [35]. Much of the migrating 
epithelium is derived from keratinocytes at the periphery of the wound. If the dermis is still 
intact, the hair follicles and sweat glands are important sources of keratinocyte stem cells that 
also contribute to the migrating epithelium [36, 37]. Experiments have shown that cell 
proliferation is not needed for keratinocyte migration and sheet motility persists when cell 
division is blocked [38, 39]. Actively migrating keratinocytes are found to be non-
proliferative and they migrate under the scab as a 1-2 cell layer thick epithelial tongue. 
Proliferating keratinocytes are located at a short distance away from the epithelial tongue and 
easily identified as a thickened hyper-proliferating epidermis [40]. These proliferative 
keratinocytes serve as a source of keratinocytes for the migrating epithelium sheet. The 
migrating epithelium sheet continues to spread until opposing sheets contact and form 
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desmosome and hemidesmosomes. The reformation of these cell-cell and cell-substratum 
junctions is found to be important for inhibition of movement [9].  
 
As the wound is resurfaced, the keratinocytes will also differentiate and stratify to fully 
restore barrier function. They also begin to secrete extracellular matrix to reconstruct the 
basement membrane zone, which is largely composed of type IV collagen [41]. 
 
The stimuli for the migration and proliferation of keratinocytes during re-epithelialization are 
still not fully understood. The absence of neighboring cells at the wound margin, also 
popularly known as the “free-edge effect”, is believed to be an important signal. Various 
soluble factors have been identified as regulators of re-epithelialization. They include small 
peptide growth factors such as hepatocyte growth factor, the epidermal growth factor (EGF) 
family of growth factors, hormones and lipids [42]. One of the objectives of this thesis is to 
determine if ROS, particularly H2O2 can serve as a regulator for the re-epithelialization 
process.  
 
Restoration of the dermis begins approximately 3-4 days after injury [11]. It involves the 
formation of new stroma, often called the granulation tissue. This tissue is highly vascular 
and has a granular appearance upon histological examination. The granulation tissue is 
largely composed of fibroblasts, blood vessels, monocytes and macrophages [9]. Resident 
dermal fibroblasts require a 3-4 days lag before migration into the wound [43]. It is believed 
that this lag phase is due to time needed for dermal fibroblasts to emerge from quiescence and 
transform into a proliferative phenotype. Similar to keratinocytes, there are also marked 
changes in integrin expression to allow them to migrate into the provisional matrix. Once 
inside the provisional matrix, fibroblasts begin to change to a profibrotic phenotype and they 
begin synthesis of various extracellular matrix components, predominantly collagen, 
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proteoglycans and elastin [44]. The collagen composition of the granulation tissue is also 
slightly different from that of normal dermis. 80% of the collagen in normal dermis is type I 
collagen with the rest largely composed of type III collagen. In granulation tissue, type III 
collagen makes up approximately 30% of all collagen [45]. 
 
Fibroblast proliferation and protein synthesis is regulated by many small peptide growth 
factors. PDGF and TGF-β are well established growth factors that stimulate fibroblast growth 
and collagen production. The acidic, low oxygen tension condition found in the wound is also 
believed to stimulate fibroblast proliferation [32]. 
 
Some fibroblasts also differentiate into myofibroblasts for wound contraction. Myofibroblasts 
are aligned along the lines of contraction which in turn are aligned in the direction of skin 
tension [46]. In full thickness wounds, contraction is an important part of healing. In animals 
with loose skin, such as the dorsal area of rodents, it is the predominant mechanism for 
wound closure. Myofibroblasts have increased expression of smooth muscle differentiation 
markers such as α-smooth muscle actin and smooth muscle myosin. They also have large 
number of actin stress fibres which are needed for providing the force needed for wound 
contraction [47]. 
 
Angiogenesis is another important process taking place in the granulation tissue. There is 
high oxygen demand in the wound as the cells are proliferating, migrating and metabolically 
active. However, the vasculature is often damaged during the wounding process. As a result, 
oxygen tension in the wound is often low. Taken together, low oxygen tension, the free-edge 
effect in damaged blood vessels and cytokines (e.g. platelet-derived growth factor (PDGF), 
vascular endothelial growth factor (VEGF), Fibroblast growth factor 2 (FGF2)) secreted by 
various cell types strongly stimulate angiogenesis [32]. During angiogenesis, endothelial cells 
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from existing capillaries detach themselves from their basement membrane and migrate into 
the wound. Inside the wound, they undergo proliferation, reorganize the extracellular matrix 
to form tubule structures, reconstruct the basement membrane and form a fully functional 
blood vessel [48].  
 
The remodeling phase begins 2-3 weeks after injury and can last up to a year. Most of the 
endothelial cells, macrophages and myofibroblasts undergo apoptosis or exit from the wound. 
The remaining scar is composed mainly of collagen and other extracellular matrix. The 
amount of type III collagen in the scar is reduced while the amount of type I collagen 
increases. The strength of the scar will increase over time but will never regain the same 
mechanical strength as a normal skin [49]. 
  
1.2 Evidence for increased ROS and oxidative damage in wounds 
As defined by Halliwell et. al., ROS is a collective term that includes both radicals and 
certain nonradicals that are oxidizing agents [50]. Some common radical species include 
hydroxyl radical (HO
•
), peroxyl radical (ROO
•
), alkoxy radical (RO
•
), superoxide anion (O2
•-
), 
and nitric oxide (NO
•
). Nonradicals include hydrogen peroxide (H2O2), peroxynitrite (ONOO
-
) 
and singlet oxygen (
1
O2). Nitric oxide, peroxynitrite and other related nitrogen containing 
oxidizing agents are also sometimes referred to as reactive nitrogen species.  
 





) reacts rapidly and non-specifically with most molecules while other ROS 
(e.g. O2
•-
 and H2O2) react rapidly with only with a few types of molecules. Only O2
•-
 and the 
closely related H2O2 will be discussed in detail for this thesis.  
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1.2.1 Superoxide anion (O2
•-
) 
The most common source of O2
•-
 in aerobic animal cells is thought to be the mitochondria. 
While Cytochrome c oxidase which reduce O2 to H2O does not produce O2
•-
, some earlier 









 can also be produced by the NADPH oxidase (NOX) family of enzymes not as a 
byproduct but as their main function. The NOX family includes NOX 1-5 and Dual oxidase 1 
and 2 (DUOX) of which NOX4 and DUOX2 are suspected to produce H2O2 instead of O2
•-
 
[51]. NOX are complex multi-subunit enzymes and one form of regulation of their activity is 
by compartmentalization. The active enzyme complex will be assembled only when a 
stimulus is provided. 
 
NOX2 is the first and best studied member of the NOX family. It is found in phagocytes and 
the O2
•-
produced aids bacteria killing. The active NOX2 complex consists of NOX2 and p22
 
phox




, Rac GTPases and p40
phox
 are the 
cytosolic factors. Stimulation of phagocytes leads to phosphorylation of p47 and assembly of 
an active NOX2 complex [52]. 
 




 is much less reactive and does not react with most 
biological molecules. It is rapidly converted to H2O2 either by spontaneous dismutation or 
through the catalytic activity of superoxide dismutases (SODs). Iron-sulfur clusters in 
proteins such as aconitase are reversibly oxidized by O2
•-
 and this could serve as a signaling 
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function [53]. However, there is no direct link on how iron-sulfur clusters containing proteins 
play a role in wound healing.  
 
1.2.2 Hydrogen Peroxide (H2O2) 
H2O2 is a non-radical ROS and it is stable in aqueous solution. H2O2 can be produced by the 
dismutation of O2
•-
 from mitochondria and NOX or directly from NOX4 or DUOX2. Another 
source of H2O2 that is particularly of interest in wound healing is lysyl oxidase [54]. Lysyl 
oxidase causes the crosslinking of collagen, an important extracellular matrix in the skin. It 
catalyzes the oxidation of the ε-amino group in lysine residues into aldehydes which then 
spontaneously react with unmodified lysine residues on other collagen molecules. A side 




, H2O2 is uncharged and can easily penetrate cell membranes. There is also 
evidence showing that aquaporins could transport H2O2 [55]. H2O2 is reactive towards certain 
thiols, which are found in many proteins. All these factors make H2O2 a much more widely 
used second messenger in redox signaling compared to O2
•-
. Much of the signaling properties 
of NOX is likely to be due to H2O2 rather than O2
•-
. In fact, conversion of O2
•-
 to H2O2 by 
SOD1 has been found to be essential in cytokine redox signaling [56]. H2O2 as a signaling 
molecule will be further discussed in section 1.4. 
 
Although H2O2 can function as a second messenger, it should be noted that H2O2 is cytotoxic 
and can cause cellular damage too [57]. H2O2 can react with reduced forms of multivalent 




 in a reaction known as the Fenton reaction to produce the 
extremely reactive HO
•
. This in turn causes damage to DNA, lipids and proteins. H2O2 can 
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also react with heme proteins such as hemoglobin and myoglobin to release labile iron which 
then participates in the Fenton reaction. Therefore excessive amount of H2O2 can also cause 
oxidative damage [57]. 
 
1.2.3 Evidence for increased ROS in wounds 
Elevated levels of H2O2 and O2
•-
 have been observed in mice excision wounds using 
electrochemical detection, dihydroethidium fluorescence [58] and electron paramagnetic 
resonance spectroscopy [59]. In these studies, it was postulated that inflammatory cells are 
the major source of ROS in the wounds. Interestingly a zebrafish model of wound healing 
showed that non-phagocytes produce H2O2 almost immediately after wounding [3]. The 
concentrations of H2O2 found in wounds range from 50  [58] – 250 [3] µM, depending on the 
model and method used.  
 
It was further found that DUOX (there is only 1 isoform of DUOX in zebrafish) is the 
cellular source of ROS in this model. The production of H2O2 precedes the infiltration of 
leukocytes and is shown to serve as a leukocyte chemoattractant. In vitro studies have also 
demonstrated that H2O2 is chemotatic for neutrophils [60]. However, it is not known if H2O2 
can function as a chemoattractant in mammalian wounds. 
 
Increased ROS production has also been observed in the in vitro scratch wound model where 
simply scratching a confluent layer of keratinocytes was sufficient to generate ROS [61]. 
Increased ROS have also been observed in migrating vascular smooth muscle cells [62]. The 
exact mechanism by which the scratch wound model induce ROS production is unknown but 
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is also likely to involve the NOX family since diphenylene iodonium, a general inhibitor of 
NOX, reduced ROS production in the scratch wound models [63].  
 
A large number of stimuli have been shown to activate NOX in vitro and they include 
inflammatory mediators, mechanical stress, growth factors and cytokines [64]. It is not 
difficult to imagine that these stimuli would also be present in wounds. The small GTPases 
Rac1 and Rac2 are important activators of NOX and mice deficient in Rac1 or Rac2 produce 
less ROS in their wounds. These transgenic mice also have retarded wound healing which 
can be alleviated by topical application of low concentrations of H2O2 [59, 65].  
 
It should be clear now that ROS are not merely anti-microbial agents but have an important 
signaling function in wound healing. However, they are still inherently damaging. This leads 
to a delicate balance between the beneficial and detrimental effects of ROS. For example, 
topical application of a 0.15% solution of H2O2 did not affect wound closure in mice but 
promoted angiogenesis. On the other hand a 3% solution delayed wound healing and even 
higher concentrations killed the mice [58]. Similarly, knockout of the antioxidant enzyme 
peroxiredoxin 6 results in severe hemorrhages during wound healing [66]. From these 
observations, we hypothesized that low levels of ROS may contribute to wound healing but 
higher levels can cause damage, possibly leading to poor repair and chronic wounds. 
 
To test this hypothesis, one would need knowledge on the amount of oxidative damage in 
wounds. Simply knowing the amount of ROS produced in wounds gives no indication of 
whether the damage level is high or low. This is because ROS is countered by the antioxidant 
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defense system as well as various cellular repair and degradation machinery. In addition, 
ROS that have been used in signaling will be consumed and cannot cause any damage.  
In short, an increased level of ROS does not necessarily imply that they are detrimental to 
healing. However the presence of oxidative damage may imply a deleterious loss of cellular 
function. Therefore, oxidative damage products may make better indicators of detrimental 
effects than ROS themselves. Hence, to fully understand the role of ROS in wounds, one 
would need to measure the amount of oxidative damage in wounds. 
 
1.2.4 Evidence for increased oxidative damage in wounds  
Previous studies have attempted to measure oxidative damage in wounds. However these are 
not without limitations. The most commonly used oxidative damage marker studied in wound 
healing is malondialdehyde (MDA), a product of lipid peroxidation. Among the studies 
reviewed, some found that MDA levels are lower in both acute and chronic wounds 
compared to intact skin but chronic wounds have higher levels of MDA than acute wounds 
[67-69]. F2-isoprostanes, another marker of lipid peroxidation, have also been shown to be 
higher in chronic wound fluids than acute wound fluids [70]. However studies on wound 
fluid fails to answer the fundamental question of whether wounding increases oxidative 
damage.  
 
Using 4-Hydroxynonenal as another biomarker of lipid peroxidation, it was shown that Rac2 
knockout mice have retarded wound healing but also lower oxidative damage [59]. There is 
confusion over whether wounding induces lipid peroxidation and if it is related to poor 
healing. The problem is compounded by the fact that MDA is not an easily reproducible 
marker of lipid peroxidation [57]. As an example, reported values for plasma MDA in 
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patients with diabetic foot ulcers range over several orders of magnitude from 1 nM [71] to 9 
μM [72]. 
 
Another biomarker of oxidative damage is protein carbonyls. These are formed when free 
radcials reacts directly with proteins either with oxidation sensitive side chains or the amide 
bond. End-products from lipid peroxidation (e.g. β-unsaturated carbonyls such as 4-
hydroxynonenal) can also react proteins to form protein carbonyls. The carbonyls can be 
derivatized with 2,4-dinitrophenolhydrazine and detected by either a spectrophotometric 
method or an immunoassay using antibodies against the dinitrophenol moiety [73]. 
 
Protein carbonyls in wound fluids have also been used as a biomarker of oxidative damage. 
There was no difference in the absolute protein carbonyl content in acute and chronic wound 
exudate. However, chronic wound fluids was found to have lower protein content, thus the 
normalized protein carbonyl content in chronic wound was found to be 15% higher [74]. This 
highlights serious methodological challenges associated with measurement of oxidative 
damage in wound fluids because its composition can vary considerably with the hydration 
state of the patient. 
 
Besides measuring oxidative damage products, some studies reported a decline in 
antioxidants in wounds and inferred that there is greater oxidative damage in wounds, 
especially chronic wounds [69, 75]. However, these reports are not proof of increased 
oxidative damage in wounds. It could very well be argued that the production of these 





It is easily identifiable that there are big gaps in our knowledge of oxidative damage in 
wounds. There is confusion and disagreement over whether there is increased oxidative 
damage in wounds. There are also no known studies on whether topically applied H2O2 can 
affect the amount of oxidative damage in wounds and how this relates to wound healing 
quality. Therefore, the effects of wounding and H2O2 treatment on oxidative damage will also 
be measured in this thesis. 
 
1.3. H2O2 as a signaling molecule  
As a signaling molecule, H2O2 can activate and inactivate transcription factors or membrane 
channels. It can also modulate calcium-dependent signaling as well as phosphorylation 
signaling pathways [76]. These processes are the major mechanisms by which cellular 
physiology is regulated, hence there is a multitude of pathways that can be affected by H2O2. 
While it would be impossible to review all the signaling pathways that are affected by H2O2, 
the principles of H2O2 signaling are actually very straightforward. 
 
1.3.1 Principles of H2O2 signaling 
H2O2 signaling is intricately linked to thiol chemistry. Proteins with cysteine residues are 
sensitive to oxidation (Figure 1.1), which can result in changes in enzymatic activity and/or 
binding characteristics. H2O2 can oxidize certain thiols to sulfenic acid which can be further 
oxidized to disulfides. Alternativly, H2O2 can also oxidize thiols to disulfides directly. These 
disulfides can occur between cysteine residues on the same protein or two different proteins, 
forming either intra or intermolecular disulfides. The disulfide could also be between a 




If the thiol functional group is essential for catalytic activity (e.g. protein tyrosine 
phosphatases) or protein binding, (e.g. binding of thioredoxin and ASK1), reversible 
oxidiation of thiols can serves as a versatile on-off switches for these proteins. Subsequent 
reduction of disulfides by thioredoxin and glutaredoxin will allow oxidized proteins to regain 
normal function. 
 
Figure 1.1: Schematic diagram illustrating the multiple oxidation states of thiols. (Reproduced from 
Banerjee et. al.[77] 
 
It is important to note that not all thiols are equally prone to oxidation. As shown in table 1, 
the reduction potential of H2O2 is relatively low so it is a weak oxidizer compared to other 
ROS such as O2·
-
, peroxyl and alkoxyl radicals. H2O2 does not react with thiols per se but 
instead with high selectivity for thiolate anions [78]. Most thiols are protonated at 
physiological pH. For example, the pKa values for the thiol functional group in glutathione, 
cysteine and N-acetylcysteine (NAC) are 8.8, 8.3 and 9.5 respectively [76], therefore they are 
not readily reactive with H2O2.  
 
The pKa of thiols from cysteine residues in proteins can be affected by their local 
environment. For example, the pKa of the thiol group in the active site of protein tyrosine 
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phosphatase 1B (PTP1B) is 5.4 due to extensive hydrogen bonding as well as proximity with 
basic amino acids [79]. Therefore the thiol exists predominantly as a thiolate anion at 
physiological pH. This thiolate anion is conserved in all protein tyrosine phosphatases (PTPs) 
and is needed for their catalytic activity. Therefore, there are a large number of enzymes that 
are preferentially oxidized and inactivated by H2O2. 
Table 1: Standard reduction potential of some common radical species. Extracted from Halliwell et. al. 
(2007) [57] 
 
 Standard reduction potential (V) 
Ascorbate·-, H+/Ascorbate- 0.28 
H2O2, H
+
 / H2O, OH· 0.32 
RO2·, H
+
 / ROOH 0.77-1.44 










/ H2O2 1.06 










OH· , H+/ H2O 2.31 
 
Given that PTPs can be reversibly inactivated by H2O2, it is not surprising that many 
signaling pathways that involve kinases have been shown to be activated by H2O2. For this 
project, the effects of H2O2 on the mitogen activated protein kinase (MAPK) family of 




1.3.2  H2O2, cell migration and MAPK 
The mitogen-activated protein kinase (MAPK) family consists of important signaling 
molecules involved in the transduction of extracellular stimuli or stress into the cell. The role 
of the MAPK on cell migration and proliferation will be investigated in this thesis.  
 
All MAPKs are serine/threonine kinases that have to be doubly phosphorylated by the MAPK 
kinases (MAPKK or MAP2K) at their activation loop, which contains a Thr-X-Tyr motif, 
before they are activated. The MAPKK are in turn activated by MAPKKKs (or MAP3K) also 
via phosphorylation. On the basis of the differences in the activation loop motif, the MAPK 
can be classified into three main groups, namely extracellular signal-regulated kinase (ERK), 
p38 MAPK and Jun N-terminus kinase (JNK). The activation loop motif of ERK, p38 and 
JNK are Thr-Glu-Tyr, Thr-Ala-Tyr and Thr-Pro-Tyr respectively. The molecules 
participating in the kinase cascade is illustrated in Figure 1.2.  
 
ERK1/2 were originally identified as major targets of receptor tyrosine kinase (RTK) [80]. It 
is now known that phosphorylation of RTK leads to the recruitment guanine nucleotide 
exchange factors such as SOS (Son of Sevenless) which causes Ras to be activated. Ras is a 
small GTPase and it is active when a GTP nucleotide is bound to it. Activated Ras is able to 
recruit Raf-1, a MAPKKK to the membrane, leading to its phosphorylation. Activated Raf-1 
phosphorylates MEK 1/2 which in turns phosphorylates ERK 1/2. Activated ERK 1/2 can go 
on to phosphorylate a diverse range of substrates. It can translocate to the nucleus and 
phosphorylate transcription factors such as the AP-1 which can in turn regulate cell 
proliferation [81]. Activated ERK 1/2 can also remain cytosolic and phosphorylate targets 
such as myosin light chain kinase, focal adhesion kinase and paxillin which can affect 
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cytoskeletal dynamics. Inhibition of the ERK pathway also leads to inhibition of migration 
[82]. 
 
Figure 1.2. Mitogen-activated protein kinase signaling cascade consist of a MAPK that is activated 
MAPKK (MAP2K), which is in turn activated by a MAPKKK (MAP3K). Adapted from [81]  
 
The p38 subgroup of MAPK consist of α, β, γ, δ- isoforms. p38 MAPK was originally 
identified to be involved in the sensing of environmental stress such as osmotic stress and 
heat shock [83, 84]. Various cytokines and bacterial derived substances are also been known 
to activate the p38 pathway. p38 MAPK can modulate cytoskeletal dynamics by directly 
phosphorylating paxillin and caldesmon. Downstream targets of p38 MAPK, such as HSP27 
and MAPKAPK-2/3 can also affect migration by affecting stress fibre formation and 




The JNK subgroup of MAPK consist of ten isoforms derived from three genes, JNK1 (four 
isoforms), JNK2 (four isoforms) and JNK3 (two isoforms). Similar to p38 MAPK, they are 
activated by environmental stresses and cytokines. Activated JNK is localized in the 
cytoplasm as well as the nucleus. Cytoplasmic JNK have been found to localize at focal 
adhesions and have been shown to phosphorylate paxillin [82]. Within the nucleus, JNK can 
phosphorylate the Jun group of AP-1 transcription factor which in turn regulates cell 
proliferation [81].  
 
As the MAPKs are important regulators of cytoskeletal dynamics and cell proliferation, it is 
not surprising that inhibition of MAPKs have been shown to inhibit cell migration [82]. The 
MAPKs have also been found to be activated by mechanical injury [85] and found to be 
essential for keratinocyte migration [86-88], which is very important during re-
epithelialization. The MAPKs have also been found to be phosphorylated when cells are 
exposed to H2O2 and ERK1/2 phosphorylation have been found to be important for cell 
survival after H2O2 challenge. [89, 90]. H2O2-induced ERK1/2 activation may involve the 
activation of EGF receptor via the inhibition of protein-tyrosine phosphatases specific for the 
EGF receptor [91-93]  
 
Beside cell migration, cell proliferation is also an important aspect of re-epithelialization. 
Both H2O2 and O2
•-
  at low levels can increase DNA synthesis in quiescent cells and induce 
the expression of genes such as c-fos and c-myc, which are associated with proliferation [94, 
95]. However, little work has been done on how the growth factor-like aspect of ROS, 




It has also been shown that the MAPK signaling pathways are also important in dermal 
wound healing. Mice deficient in p38-α are embryonic lethal [96-98] while no wound healing 
studies have yet to be conducted in p38-β knockout mice, which are viable and healthy [99]. 
Mice deficient in MAPK activated protein kinase 2 (also known as MK2), the direct 
downstream substrate of p38, have been shown to have retarded wound healing [100]. Mice 
that are homozygous knockout of ERK2 are not viable [101, 102] but the heterozygotes have 
been shown to have retarded burn healing [103].  ERK1/2 have also been shown to be 
associated with enhanced wound healing in diabetic rats treated with PDGF [104]. JNK have 
been shown to be required for efficient healing in both a drosophila and mouse models of 
wound healing [105, 106]. JNK is also needed for the restoration of barrier properties after 
wounding[107].  
 
While it appears that the MAPKs are important in wound healing and re-epithelialization, it is 
not known if H2O2 can regulate re-epithelialization via this pathway. This thesis also aims to 
provide insight into this problem. 
 
1.3.3 H2O2 as a regulator of cytokine expression 
Cytokines are important regulators of wound healing. Tissues change from a quiescent 
phenotype to one that is actively proliferating and inflamed after injury. Cytokines are 
believed to be a key signal for this change [108]. Cytokines stimulate proliferation of 
keratinocytes and fibroblasts, chemotaxis of leukocytes, inflammation, angiogenesis and 
connective tissue formation. Diabetic wounds, which heal poorly, often have lower cytokine 
production [109] as well as increased proteolytic breakdown of the cytokines [15]. Not 





It is not within the scope of this thesis to review the roles of all cytokines in wound healing 
and only cytokines that have been shown to be affected by H2O2 will be discussed in this 
section. Effects of other cytokines which are also important in wound healing are summarized 
in table 2. 
Table 2: Effects of selected cytokines on wound healing. Extracted from Werner et. al.[111] and 
Barrientos et. al.[108] 
 
Cytokine Primary target cells and effect 
Platelet-derived growth factor family 
(PDGF) 
Chemotatic for neutrophils, monocytes, fibroblasts 
 ECM deposition 
First approved growth factor treatment for human ulcers 
Fibroblast growth factor 2 (FGF2) Angiogenesis and fibroblast proliferation 
Epidermal growth factor family (EGF, 
TGF-α, HB-EGF) 
Keratinocytes and fibroblasts proliferation and migration 
Vascular endothelial growth factor family Angiogenesis 
TGF-β1 and -β2 Chemotatic for neutrophils, monocytes, fibroblasts 
ECM synthesis and remodeling 
Keratinocyte migration 
TGF-β3 Negative regulator of ECM synthesis 
MCP-1 Chemotatic for monocytes  
MIP-1α Chemotatic for monocytes 
GRO-α / MIP-2 (murine homologue) Chemotatic for neutrophils 
IL-8  / KC (Murine homologue) Chemotatic for neutrophils 
IL-1α and –β Stimulate cytokine production in macrophages 
Keratinocyte and fibroblast proliferation 
IL-6 ECM synthesis/scarring 
Keratinocyte migration and proliferation 
IL-10 Anti-inflammatory, anti scarring  
TNF-α Stimulate cytokine production in macrophages 
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Keratinocyte and fibroblast proliferation 
GM-CSF Maturation of monocytes to macrophage 
Keratinocyte proliferation  
Endothelial cell migration and proliferation 
 
H2O2 has been shown to induce production of cytokines in various cell types in vitro via 
different signaling pathways. Most studies have shown that H2O2 stimulates the production of 
pro-inflammatory cytokines. One of the commonly reported cytokines to be induced by H2O2 
is IL-8. IL-8 is not strictly speaking an interleukin but a CXC family chemokine. In human, it 
is expressed in wounds at day 1 after injury and its expression declines at day 4 after 
wounding [112]. It is the major chemoattractant for neutrophils in human skin wounds and is 
believed to stimulate inflammation [113]. IL-8 is also pro-angiogenic and bears the ELR 
motif which is found on all angiogenic CXC chemokines [114].  
 
The role of IL-8 in wound healing is still controversial. While some studies have found high 
IL-8 levels in non-healing wounds [115], others have found lower IL-8 level in non-healing 
wounds [116]. High levels of IL-8 have been shown to inhibit keratinocyte proliferation as 
well as collagen lattice contraction by fibroblasts [117]. On the other hand, other studies have 
reported that IL-8 increased keratinocyte proliferation [118]. In addition, fetal wounds 
express less IL-8 than adult wounds and have reduced inflammation, therefore it has also 
been postulated that lower levels of IL-8 might be a possible mechanism of scarless wound 
healing [119]. 
 
Rodents lack a direct homologue for human IL-8 but its function is believed to be replaced by 
KC, MIP-2 and LIX [120]. Expression of KC has been reported to be increased by wounding 
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[121] but there have been no studies on LIX and wounding. MIP-2 has been shown to be 
produced mainly by keratinocytes in wounds and is associated with poor healing and 
prolonged infiltration of neutrophils and macrophages in diabetic wounds [122]. 
 
Early studies have confirmed that H2O2 increases production of both IL-8 mRNA and protein 
in human whole blood, skin fibroblasts, A549 pulmonary epithelial cells and HepG2 
hepatocarcinoma cells [123, 124]. Later studies have also shown that H2O2 induce IL-8 
production in caco-2 human epithelial colorectal adenocarcinoma cells [125]. NF-κB has 
been shown to be important for the production of IL-8 in monocytes and T-cells by 
increasing transcription as well as by promoting post-transcriptional mRNA stability [126]. 
The MAPKs have also been shown to be responsible for H2O2-induced IL-8 production in 
HeLa cells [127], periodontal ligament cells [128] and primary human bronchial epithelial 
cells [129]. MIP-2, a murine homologue of IL-8 has also been shown to be induced by H2O2 
via the NF-κB pathway in macrophages [130].  
 
As discussed in the previous section, MCP-1 is a chemoattractant for monocytes and its 
temporal expression pattern coincides with the infiltration pattern of macrophages in both 
murine [131] and human wounds where it is expressed mainly by monocytes as well as basal 
layer keratinocytes [112]. Mice deficient in MCP-1 displayed poorer wound healing but 
strangely have no differences in monocyte and macrophage infiltration [29].  H2O2 has also 
been found to induce MCP-1 expression in human neutrophils and monocytes [132] as well 
as murine macrophages [133].  This induction has also been shown to be due to the combined 
effect of NF-κB, ERK and cAMP dependent pathways. Catalase was also found to reduce 




The macrophage inflammatory proteins include MIP-1α and MIP-1β, both of which are 
chemoattractants for monocytes. MIP-1α has been detected in murine wounds [121, 135] but 
not in a human incision wound model [112]. It has been postulated that MIP-1α is not as 
important as MCP-1 for the recruitment of monocytes because mice deficient in MIP-1α have 
no changes in monocytes and macrophage infiltration and wound healing rate compared to 
wild type animals [29]. H2O2 has also been shown to induce expression of MIP-1α [126, 133, 
136] and MIP-1β in macrophages and this is found to be dependent on ERK, NF-kB and 
cAMP.  
 
Another pro-inflammatory cytokine that has been reported to be induced by H2O2 is IL-6. 
The role of IL-6 in wound healing is still not clear and there are conflicting studies. IL-6 is a 
pleiotropic cytokine that increases proliferation in keratinocytes, stimulates angiogenesis, 
attracts neutrophils and prevents their apoptosis. While a complete knockout of IL-6 strongly 
retards wound healing [137], high levels of IL-6 have also been associated with chronic 
wounds [115] and scarring [138]. However, knockout of IL-6 receptor, the only known 
receptor of IL-6, improved wound healing in mice [139].   
 
H2O2 has been shown to induce IL-6 in dermal fibroblasts [140], cardiac fibroblasts [141], 
adipocytes [142], retinal pigment epithelial cells [143], bronchial epithelial cells [144], 
LNCaP prostate carcinoma cells, HeLa cervical carcinoma cells [145] and myotubes [146]. 
However it has also been reported that H2O2 fails to induce IL-6 in primary keratinocytes 
[140], lung fibroblasts [141], myoblasts and endothelial cells [146]. H2O2 induction of IL-6 
has been shown to be dependent on ERK1/2, JAK/Stat and AKT in adipocytes [142]. 
However, H2O2 induced IL-6 is independent of ERK1/2 but dependent on p38 MAPK in 




TNF-α is another pro-inflammatory cytokine that is strongly up-regulated during the 
inflammatory phase of wound healing. Surprisingly, knockout of TNF-α receptor improves 
wound healing in mice by enhancing re-epithelialization, angiogenesis and collagen 
deposition [147]. Administration of monoclonal anti-TNF-α antibodies to neutralize TNF-α 
also improves wound healing in diabetic mice [148].   
 
H2O2 has also been shown to induce TNF-α in endothelial cells [149]. H2O2 has also been 
found to activate ERK1/2, p38 MAPK, JNK and NF-κB in macrophages but only p38 and 
NF-κB are needed for TNF-α expression [150].  
 
Besides being pro-inflammatory, H2O2 also appears to be pro-angiogenic. VEGF is an 
important angiogenic growth factor. Topical application of VEGF has been shown to improve 
wound healing in diabetic mice [151]. Furthermore, patients undergoing monoclonal anti-
VEGF therapy (trade name Bevacizumab) were shown to be more likely to suffer from poor 
healing after surgery, which further highlights the importance of VEGF in would healing 
[152]. 
 
H2O2 increases VEGF expression in keratinocytes [153] and this has been identified to be due 
to a Sp1 binding site in the proximal promoter region [154]. Application of H2O2 increases 
VEGF mRNA and angiogenesis in wounds [58]. H2O2 also increases VEGF expression in 
human retinal epithelial cells, human melanoma, rat glioblastoma cells [155], endothelial 
cells [156], skeletal myotubes [157] and macrophages [158]. Various pathways have been 
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implicated in H2O2-induced VEGF expression and they include NF-κB [156], PI3K –AKT 
[157], focal adhesion kinase (FAK) [58], and Rac1 [154]. 
 
IL-1 includes IL-1α and IL-1β and they are strong inducers of other pro-inflammatory 
cytokines. Administering IL-1 decoy receptor reduced the expression of IL-6, TNF-α, 
Granulocyte colony-stimulating factor (G-CSF), KC and MIP-1α in human incision wounds 
[159]. Mice deficient in IL-1 receptor had reduced infiltration of inflammatory cells in 
excision wound models and reduced scarring but no differences in wound strength or wound 
closure rate [160].  H2O2 has also been shown to induce IL-1α mRNA in keratinocytes [140].  
 
Granulocyte macrophage colony stimulating factor, GM-CSF, was originally identified as a 
cytokine needed for hematopoiesis but has been shown to be mitogenic for keratinocytes [161] 
and endothelial cells [162]. Topical application of GM-CSF has been shown to improve 
wound healing in diabetic mice by increasing expression of the pro-inflammatory cytokines, 
IL-6 and MCP-1 [163] while mice with targeted over-expression of GM-CSF in the 
epidermis have been shown to have accelerated healing too [164]. Recombinant human GM-
CSF has also been shown to improve healing of chronic leg ulcers in clinical trials but not 
pressure ulcers or cancer-related ulcers [165]. H2O2 has also been shown to increase GM-CSF 
mRNA expression in keratinocytes [140]. 
 
From the literature reviewed, the majority of studies showed that H2O2 is a proliferative, pro-
angiogenic and pro-inflammatory signal. Yet some studies have shown an anti-inflammatory 
role of H2O2. Neutrophils from patients with CGD have been shown to produce more IL-8 in 
response to the bacterial derived peptide fMLF (N-formyl-methionine-leucine-phenylalanine) 
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which can be attenuated by H2O2. Conversely, catalase increases fMLF-induced IL-8 
production in neutrophils from normal patients [166]. Other groups have also demonstrated 
that H2O2 decreased NF-kB activation in neutrophils by inhibiting the proteosomal 
degradation of IKBα, the inhibitor of NF-kB in neutrophils [167].  As a result, H2O2 exerted 
an anti-inflammatory effect by inhibiting expression of KC, TNF-α, MIP-2 and IL-6 in 
murine neutrophils stimulated with LPS.  H2O2 has also been shown to induce neutrophils to 
release IL-1 decoy receptor to inhibit IL1 signaling [168]. It appears that the response of 
neutrophils to H2O2 differs greatly from other cell types and that H2O2 might be anti-
inflammatory to neutrophils.  
 
Several gaps can be identified in our knowledge of H2O2-induced cytokine expression. Firstly, 
it should be clear (or confusing) to the reader that the effects of H2O2 on cytokine expression 
appear to be cell specific. The pathways that regulate the expression also vary among cell 
types. Most of the work carried out on H2O2-induced cytokine expression has not been done 
in keratinocytes. Those experiments that have been done in keratinocytes (except for VEGF) 
only measured the changes in mRNA level. It has been shown that transcription and 
translation is sometimes dissociated for cytokines, for example IL-1β [169]. Therefore there 
is a need to investigate the effect of H2O2 on cytokine production in keratinocytes. 
 
Lastly, while H2O2 have been shown to increase production of leukocytes chemotatic 




1.4 Hypothesis and objectives 
From the literature review, it is clear that H2O2 is produced after wounding and it might serve 
as a signaling molecule, possibly by activating the MAPKs. On the other hand, it is well 
established that H2O2 can cause cell death and there are some evidence which points to 
increased oxidative damage in poor healing wounds. 
 
Therefore we hypothesized that low concentrations of H2O2 might stimulate wound healing 
by functioning as a cell signaling molecule but high concentrations might retard wound 
healing by inducing oxidative damage. To test the hypothesis, the effects of H2O2 would be 






Chapter 2: Materials and methods 
2.1 Materials 
MEK inhibitor (U0126), p38 inhibitor (SB203580), Improm-II reverse transcription kit and 
Cyto Tox 96 kit were purchased from Promega (Madison, WI, USA). Anti-p38 MAPK (Cat# 
9212), anti-phospho-p38 MAPK (Cat# 4511), anti-ERK1/2 (Cat# 4695), anti-phospho-
ERK1/2 (Cat# 4370), anti-phospho-MK2 (Cat#3007) and radioimmunoprecipitation assay 
(RIPA) buffer were purchased from Cell Signaling Technology (Danvers, MA, USA). Anti 
phospho-EGFR (Cat# SC 12351-R), anti-involucrin (Cat# SC 21748) and anti-peroxiredoxin 
(Cat# sc-33574) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rat 
Anti-MMP-8 (Cat.#: 2145-1) was purchased from Epitomics (Burlingame, CA, USA). Rabbit 
anti-CD31 (Cat#: ab28364) and rabbit anti-MMP-9 (Cat#: ab38898) were purchased from 
Abcam (Cambridge, UK). Rat monoclonal anti-mouse F4/80 and 7/4 antibodies were 
purchased from Serotec (Raleigh, NC, USA). Rat anti-TIMP-1 (Cat#: MAB980) was 
purchased from R&D systems (Minneapolis, MN USA). Phosphatase inhibitor cocktail, 
PhosSTOP, and protease inhibitor cocktail, Complete mini-EDTA 
(Ethylenediaminetetraacetic acid), were purchased from Roche (Basel, Switzerland). 
 
DC protein assay kit, nitrocellulose membrane 0.2 µm pore size, 30% acrylamide/bis 37.5:1 
solution, ammonium persulfate, N,N,N',N'-tetramethylethylenediamine (TEMED), 0.5 M 
Tris-HCl pH 6.8 and 1.5 M Tris-HCl, pH 8.8 were purchased from Bio-Rad. Gels were cast 





Phosphate buffered saline (PBS), tris-buffered saline (TBS) and tris-acetate EDTA (TAE) 
were prepared from 10X concentrated solutions purchased from 1
st
 Base Asia (Singapore). 
Molecular biology grade agarose and sodium dodecyl sulfate (SDS) was also purchased from 
the same company. 
 
Primary human keratinocytes (neonatal), primary human fibroblasts (neonatal), Epilife 
medium with 60 µM calcium, human keratinocyte growth supplement, Alexa fluor 488 anti-
rabbit SFX kit, Alexa fluor 594 anti-rat antibody, Image-iT FX Signal Enhancer and Prolong 
gold anti-fade with  4',6-diamidino-2-phenylindole DAPI were purchased from Invitrogen 
(Eugene, OR, USA). Fetal Bovine Serum, Dulbecco‟s Modified Eagle‟s Medium (DMEM) 
and L-glutamine were purchased from PAA (Linz, Austria). HaCaT keratinocytes were a gift 
from Dr. Birgit Lane (Institute of Medical Biology, Singapore). 
 
Superfrost Ultra plus adhesion glass slides were purchased from Menzel (Braunschweig, 
Germany). Optimal cutting temperature (OCT) medium was purchased from Sakura Finetek 
(Torrance, CA, USA). Vectorstain peroxidase Avidin biotin complex (ABC) kits were 
purchased from Vector Labs (Burlingame, CA, USA). The hematoxylin used was Shandon 
Instant Haematoxylin purchased from Thermofisher (Waltham, MA, USA).  
 
Horseradish peroxidase conjugated goat anti rabbit secondary antibody (Cat 0031460), 
horseradish peroxidase conjugated goat anti mouse secondary antibody (Cat 0031430), 
enhanced chemiluminescence substrate and N,O-bis(trimethylsilyl) trifluoroacetamide +1% 
trimethylchlorosilane (BSTFA+TMCS) silylating agent were obtained from Pierce Chemicals 




Masson-Goldner trichrome kit, ammonium hydroxide, potassium hydroxide, butylated 
hydroxytoluene (BHT), hydrochloric acid, ethanol and acetic acid were purchased from 
Merck (Darmstadt, Germany). DAB+ was purchased from Dako (Glostrup, Denmark). F2-
IsoP standards, 8-iso-PGF2α-d4, IPF2α-VI-d4, IPF2α-IV-d4 arachidonic acid-d8 were all 
obtained from Cayman Chemicals (Ann Arbor, MI, USA). Oasis mixed anion-exchange 
cartridges were from Waters Corp. (Milford, MA, USA). EGFR inhibitor AG1478, anti-α-
tubulin (Cat#T6074), anti-β-actin (Cat#A5316) catalase from bovine liver (Cat#C40), 10X 
trypsin-EDTA solution (T4174), Pentafluorobenzylbromide (PFBBr), N,N-
diisopropylethylamine (DIPEA) and all other chemicals were purchased from Sigma-Aldrich 
(USA).  
 
0.4 µm pore Transwell polyester membrane inserts and their corresponding 6-well plates 
were purchased from Corning (USA). Wound assay inserts, 35 mm µ-Dish inserts, were 
purchased from Ibidi (Germany). Lab-tek brand glass chamber slides were purchased from 
Nunc (Waltham, MA, USA). 
 
3 kDa molecular weight cutoff centrifuge filters and a custom bead-based multiplex ELISA 
for the detection of human PDGF-AB/BB, EGF, VEGF, TGF-α, FGF2, GM-CSF, MCP-1, 
MIP1a, GRO, IL-6, IL-8, IL-10, TNF-α, IP-10, IL-1β and IL-1RA were purchased from 
Millipore.  
 
Dermal punches were purchased from AcuDerm (Ft. Lauderdale, FL, USA). Isoflurane and 
buprenorphine was purchased from the NUS animal care facility. Povidone-iodine solution, 
34 
 
70% isopropyl alcohol and dressing materials needed for surgery were purchased from the 
pharmacy in National University Hospital.  
 
2.2 Culturing of cells  
HaCaT keratinocytes and primary human dermal fibroblasts were cultured in a humidified 95% 
air, 5% CO2 incubator at 37C and maintained in Dulbecco‟s Modified Eagle‟s Medium 
(DMEM) supplemented with 10% fetal bovine serum (FBS), 100 mg/ml streptomycin sulfate, 
100 U/ml penicillin and 0.25 mg/ml amphotericin B and 2mM L-glutamine. Primary human 
keratinocytes were cultured in Epilife medium supplemented with human keratinocyte 
growth supplement (HKGS). The ratio of Epilife medium to the supplement is 500:5, as 
instructed by the manufacturer. Culturing of keratinocytes in low calcium medium delays 
their differentiation and enables long term culturing of them [170].  
 
Cells were routinely passaged by first dissociating with 5X trypsin-EDTA solution for 
HaCaT keratinocytes or 1X trypsin-EDTA solution for primary keratinocytes or fibroblasts. 
HaCaT were re-plated at a ratio between 1:3 to 1:5. Primary keratinocytes and fibroblasts 
were then re-plated at a ratio between 1:2 to 1:3. Experiments involving primary 
keratinocytes were carried out on cells from passage 3-5 while experiments involving 
primary fibroblasts were carried out on cells from passage 7-10.  
 
2.3 Monolayer scratch wound migration assay 
Migration of keratinocytes was monitored using the in vitro scratch assay as previously 
described [171]. HaCaT keratinocytes were seeded into 24 well plates at 1.5 X 10
5
 cells, 0.5 
ml of medium per well and grown to 100% confluence after 2 days of culture. The cells were 
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then rendered quiescent by changing the medium to basal DMEM without FBS for 16 h. 
Unless otherwise stated, cells were pre-treated 15 min before wounding with inhibitors for 
experiments that involved kinase inhibition. Cells were wounded once with a yellow tip 
(Greiner Bio, Germany) by scratching across the maximum diameter of each well. The cells 
were then washed twice with phosphate buffered saline (PBS) and basal DMEM or DMEM 
with H2O2 and/or inhibitors was added. Average width of each wound was 60 µm. 
 
Prior to seeding, a line was drawn horizontally through the centre of each well to serve as a 
landmark to take photos of the scratch wound above or below the line. Pictures were taken 
using a Canon digital camera connected to an Axiovert (Carl Zeiss, Germany) inverted 
microscope with a 10X objective lens. Pictures were taken immediately after scratching as 
well as 24 h after. Images were analysed using ImageJ (NIH, USA) and the size of the 
denuded area was measured using the polygon selection tool. 
 
2.4 Multiple scratch wound assay 
Cells were seeded into six-well plates at 6 X 10
5
 cells, 2ml of medium per well and grown to 
100% confluence after 2 days of culture. Similar to the scratch wound assay, cells were 
serum starved for 16 h before treatment. For experiments that involved kinase inhibition, 
cells were pre-treated 15 min before scratch wounding. Multiple wounds were generated 
using a 1 cm portion of a standard plastic hair comb, with 7 teeth on it, by making 5 scratches 
across each well with a 30 degree rotation interval. A representative photo of the multiple 
scratch assay is shown in Figure 2.1.  Typically, 20% of the cells will be scratched off, as 
measured by crystal violet staining (section 2.7). At specific times cells were lysed and 










Figure 2.1: Representative photos of the multiple scratch wound assay and the keratinocyte-
fibroblast co-culture re-epithelialization assay. The comb used for the multiple scratch wound 
assay and the cells before and after scratch wounding are shown. Cells are stained with 
crystal violet for better visualization.  
 
2.5 Effect of conditioned medium on ERK and p38 activation 
HaCaT cells were cultured and seeded as described in section 2.4. Cells were serum-starved 
for 16 h before treatment by changing the medium to basal DMEM. The cells were then 
stimulated with different concentrations of H2O2 ranging from 0-500 µM for 8 h before the 
conditioned medium was collected. To ensure that there is no residual H2O2, 20µL of catalase 
dissolved in PBS was added to 2ml of conditioned medium to achieve a final concentration of 
1000U/ml. Catalase was added to all samples including those that did not contain H2O2 so as 
to account for effects of dilution and any possible direct effects of catalase.  
 
The collected conditioned medium was immediately added to cells that were grown in 6-well 
plates and rendered quiescent by serum starving in basal DMEM (as described in section 2.4). 
After 15 min of stimulation with the conditioned medium, the cells were lysed and analyzed 
by western blot (Section 2.6).  
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2.6 Western blot analysis 
For the analysis of cell culture samples, cells were first washed twice with ice-cold PBS. 200 
µL radioimmunoprecipitation assay (RIPA) buffer, supplemented with phosphatase inhibitor 
cocktail and 1mM phenylmethanesulfonylfluoride (PMSF), was added per well for HaCaT 
cells grown in 6-well plates or primary keratinocytes grown on 6-well transwell inserts. Cell 
lysates were briefly ultrasonicated in a cleaning sonicator bath before centrifuging for 10min 
at 10,000g at 4⁰C.  
 
For analysis of tissue samples, two wound tissues (~100 mg) from each animal were cut into 
small pieces and 500 µL of ice-cold RIPA buffer with added protease and phosphatase 
inhibitor cocktail was added. The samples were ultrasonicated with a high intensity 
ultrasound probe (Sonics Vibra-Cell, Newtown, CT, USA). The intensity was set at 70% of 
maximum and a 2 sec pause after every 5 sec of sonicating. Samples were kept cold with a 
wet ice bath. After 4.5 min of sonication, samples were removed and the tissues were 
disrupted by vortexing briefly. Sonication was then repeated for another 4.5 min before 
centrifuging for 10min at 10,000g at 4⁰C.  
 
For both tissue culture and animal tissue samples, the supernatant was collected after 
centrifugation and stored at -20⁰C before analysis. The protein concentration of the 
supernatant was quantified using the DC protein assay kit, which is a variation of the Lowry 
Assay, according to the manufacturer‟s instruction. 5 µL of sample or standard or sample was 
added into a 96-well plate. 25 µL of alkaline copper tartrate solution (reagent A) and 200 µL 
of Folin reagent (reagent B) were added sequentially. Protein concentration was determined 
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using a standard calibration curve which was performed for each 96-well plate. A 
representative calibration curve is shown in figure 2.2.   
 
Figure 2.2: A representative calibration curve for protein quantification by DC protein assay. 
Results shown are mean of 2 readings. 
 
40ug of protein was mixed with 4X loading buffer (40% glycerol, 4% SDS, 250mM Tris-HCl, 
0.05% bromophenol blue and 20% β-mercaptoethanol) and electrophoresed on a 10% SDS-
polyacrylamide gel for the analysis of ERK1/2, p38 MAPK, Involucrin, GAPDH and α-
tubulin and 7.5% SDS-polyacrylamide gel for the analysis of EGF receptor. Gels were wet-
transferred onto nitrocellulose membranes. Membranes were blocked with 5% skim milk in 
TBS with 0.1% Tween-20 for 1h at room temperature and washed with 0.1% Tween-20 TBS 
prior to incubation with the antibodies overnight at 4⁰C. Dilutions for antibodies were as 
follow: p-ERK1/2 (1:2000), ERK1/2 (1:1000), p-p38 MAPK (1:1000), p-38 MAPK (1:1000), 
p-MK2 (1:1000), p-EGFR (1:500), GAPDH (1:500) and involucrin (1:500). The 
phosphorylation sites recognized by the phospho-specific antibodies are: T202 and Y204 for 
ERK1/2, T180 and Y182 for p-38 and Y1173 for epideral growth factor receptor (EGFR). 
 
y = 0.1413x + 0.0059 




















BSA concentration (mg/ml) 
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Proteins were detected with horseradish peroxidase conjugated goat anti-rabbit or anti-mouse 
secondary antibody, and imaged using enhanced chemilluminescence substrate on a 
Carestream IS4000MM Imaging System. Band density was evaluated using ImageJ (NIH, 
USA). 
 
2.7 Quantification of cytokines in conditioned medium 
For cytokine analysis, conditioned medium was collected at the specified time points and 
50µL of 20% bovine serum albumin (BSA) dissolved in basal DMEM was added to every 
950 µL of conditioned medium as a cryo-preservative. 600 µL of samples were concentrated 
10 times for the detection of low abundance cytokines. The remaining conditioned media that 
were not concentrated were also analyzed. Conditioned media were concentrated using 3 kDa 
molecular weight cutoff centrifuge filters by centrifuging for 20 min at 14,000 g in a 
benchtop micro-centrifuge at 4⁰C.  
 
Conditioned media were analyzed using a bead-based multiplex ELISA according to the 
manufacturer‟s instruction. Analysis was carried out on a Millipore Milliplex system and 
results were analyzed using the Milliplex analyst software. The cytokine production was 
normalized to the number of cells and the effect of concentrating accounted for. As there 
could be losses during concentrating of conditioned medium, the cytokine concentrations 
reported are derived from neat conditioned media unless otherwise stated. 
 
The number of cells was determined by crystal violet staining. The procedure was as follows: 
1 ml of crystal violet solution (0.2% crystal violet dissolved in 2% ethanol, 98% water) was 
added to each well. After staining for 15min, excess crystal violet solution was decanted. 
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Plates were washed gently in tap water twice and allowed to dry on the bench. The crystal 
violet dye was then extracted by adding 2 ml of water:ethanol:SDS (49:49:2 v/v/w). The 
extracted crystal violet solution was further diluted 10X in a 96-well plate and the absorbance 
was read at 595nm. Results were compared against a standard curve developed based on 
HaCaT cells (Figure 2.3).  
 
 
Figure 2.3: Standard curve for cell number determination by crystal violet staining. Different numbers 
of cells were seeded into a 6-well plate and incubated at 37⁰C for 8h to attach. They were then stained 
with crystal violet and the absorbance was plotted against the cell number. Results shown is mean of 3 
replicates ± standard deviation. 
 
2.8 Lactate dehydrogenase activity assay 
Lactate dehydrogenase (LDH) is a stable cytoplasmic enzyme which is present in most cells. 
It is released into the cell culture supernatant upon damage of the plasma membrane. We used 
measurement of LDH activity in the tissue culture medium as an indicator of cell lysis and 
release of cytoplasmic content. The LDH activity in conditioned medium was modified from 
the CytoTox 96 Non-radioactive Cytotoxicity Assay kit from Promega [172]. The CytoTox 
kit is a coupled enzymatic assay making use of the two reactions, where reaction (1) is 
catalyzed by LDH and reaction (2) is spontaneous: 
y = 0.0162x + 0.0477 





























The substrate mix which contains NAD
+
, lactate and 3-p-nitrophenyl-2-p-
iodophenyltetrazolium chloride (INT) was reconstituted according to manufacturer‟s 
instruction. 50 µL substrate mix was added to 50 µL of undiluted conditioned medium in a 
96-well plate and incubated in the dark for 30min. 50 µL 1M acetic acid was then added to 
stop the reaction. Absorbance at 490nm was recorded. Basal DMEM, with the substrate and 
stopping solution was used as the blank. Phenol red from DMEM was found to contribute 
negligible background absorbance at 490nm as the final solutions were acidic. 
 
2.9 RNA extraction and semi-quantitative RT-PCR  
RNA was extracted with Trizol according to the manufacturer‟s instruction. HaCaT cells 
were seeded into 6-well plates at 6 X 10
5
 cells, 2 ml of medium per well and grown to 100% 
confluence after 2 days of culture. The cells were then rendered quiescent by changing the 
medium to basal DMEM without FBS for 16 h. They were then treated with 500 µM H2O2 in 
basal DMEM or basal DMEM alon. Eight hours after treatment, 1 ml of Trizol was added to 
each well to lyse the cells. Lysates were transferred to RNAse free 1.5 ml centrifuge tubes 
and incubated for 30 min at room temperature. 0.2 ml of chloroform was added and tubes 
were mixed by inverting by hand for 15 sec. Samples were then incubated at room 
temperature for 2 min before centrifuging at 12,000 g for 15 min at 4⁰C. Approximately 0.5 
ml of the clear phenol phase was transferred to a clean 1.5 ml RNAse-free centrifuge tube 
and 0.5 ml of molecular biology grade isopropyl alcohol was added. The mixture was 
incubated at room temperature for 10 min and centrifuged at 12,000 g for 10 min to 
precipitate the RNA. The RNA pellet was washed by adding 1 ml of 75% ethanol, vortexed 
(1) NAD+ +  Lactate Pyruvate +  NADH




and centrifuged at 7500 g for 5 min at 4⁰C.   RNA pellet was stored in the 75% ethanol at -
20⁰C until analysis. Ethanol was pipetted out and the RNA pellet was dissolved in 25 µL 
diethylpyrocarbonate (DEPC) treated water. RNA quantity was measured by absorbance at 
260 nm using a Nanodrop spectrophotometer (Thermo Fisher Waltman, MA, USA).  
 
1 µg of RNA was converted into cDNA using the ImProm-II reverse transcriptase with oligo-
d(T) primers according to the manufacturer‟s instruction . Briefly, 0.5 µg oligo-d(T) primer 
and 1 µg RNA was combined and topped up to 5 µL with DEPC treated water. Samples were 
then heated to 70⁰C for 5 min and cooled to 4⁰C to anneal the primers. 15 µL of reverse 
transcription reaction mixture, prepared according to the manufacturer‟s instruction with 6.0 
mM MgCl2, was then added. The reaction mixture was kept at 25⁰C for 5 min for priming 
followed by 42⁰C for 1 h for reverse transcription.  
 
5 µL of cDNA, which correspond to 250 ng of input RNA, was PCR amplified for VEG-A 
using a primer pair previously reported [173], 5‟ –CAC CGC  CTC GGC TTG TCA CAT– 3‟ 
and 5‟ –CTG CTG TCT TGG GTG CAT TGG– 3‟. 2.5µL of cDNA was amplified for β-
actin using the following primer pair, 5‟ –GGA CTT CGA GCA AGA GAT GG– 3‟ and 5‟ – 
AGC ACT GTG TTG GCG TAC AG– 3‟, which were designed using Primer3. PCR 
amplification was performed for 30 cycles using the following protocol: 95°C for 45 sec, 
58°C for 45 sec, and 72°C for 45 sec with a final extension cycle carried out at of 72°C for 
5min. PCR products were then analyzed by electrophoresis in a 2% agarose gel. The product 





2.10 Effect of H2O2 conditioned medium on cell migration 
Cells were grown in 175 cm
2
 tissue culture flasks until confluent. They were then rendered 
quiescent by serum starving in basal DMEM for 16 h. 15 ml of 500 µM H2O2 in basal 
DMEM or basal was then added to the cells. The conditioned medium was collected 8h later 
and used in the monolayer scratch wound migration assay as described in section 2.3.  
 
2.11 Cell viability assay 
Cell viability was determined using the (3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) MTT reduction assay [174]. MTT is a yellow-colored 
tetrazolium salt that can be reduced by cellular reductase present in the cell (e.g. in the 
mitochondria) into a blue-purple formazan product. The formation of the formazan product is 
directly proportional to the number of cell with functional metabolism. It therefore gives an 
indication of the number of viable cells that are actively metabolizing.  
 
HaCaT cells were seeded and grown in the same condition as described in section 2.3. The 
cells were treated with H2O2 or kinase inhibitors and cell viability was measured after 24 
hours. To measure cell viability, the medium was aspirated and replaced with 0.5ml of fresh 
basal DMEM. 500 µL of 5 mg/ml MTT dissolved in DMEM was added to each well and 
incubated at 37⁰C for 15 min. The medium was then aspirated and 500µL of dimethyl 
sulfoxide (DMSO) was added to each well to dissolve the purple formazan product. 
Absorbance was read at 570nm against a reference wavelength of 690nm on a microplate 
reader (Tecan, Switzerland). Cell viability was computed by comparing absorbance of 




For viability assays in co-culture models, cells were grown as described in section 2.14 but 
without the wound assay inserts. Samples were treated with H2O2 and N-acetylcysteine (NAC) 
every 24 hours over 96 hours in the same way as described in section 2.14. At the 96th hour, 
the keratinocyte layer and the fibroblast layer were separated. 5 mg/ml MTT dissolved in the 
co-culture medium was added to the keratinocytes (1 ml) and fibroblasts (2 ml) respectively. 
The cells were incubated at 37⁰C for 15 min before the medium was aspirated and DMSO 
was added to each well to dissolve the purple formazan product. 1 ml of DMSO was added to 
the keratinocyte layer and 2 ml of DMSO was added to the fibroblast layer. The extracted 
formazan dye from each well was then further diluted 5X in a 96-well plate and read with the 
microplate reader.  
 
2.12 Degradation of H2O2 by HaCaT keratinocytes 
HaCaT cells were seeded and grown in the same condition as described in section 2.4. The 
medium was aspirated and DMEM with 500 µM of H2O2 was added and the cells were 
incubated at 37⁰C. The degradation of H2O2 was monitored using the ferrous ion oxidation–
xylenol orange (FOX) assay [175]. FOX2 reagent was prepared by combining 4.4 mM BHT 
in methanol and 1mM xylenol orange, 2.5 mM ammonium ferrous sulfate in 10 mM H2SO4 
at 9:1 ratio.  
100 µL of medium was sampled at different times and added immediately to 0.9ml of FOX 2 
reagent and incubated for 30 min at room temperature. Solutions were then centrifuged at 
15,000 g for 10 min at room temperature. The absorbance of the supernatant was read at 560 
nm against a methanol blank. Freshly prepared solutions of H2O2 diluted in water were used 
to construct a calibration curve. A representative calibration curve is shown in figure 2.4. 
New calibration curves were constructed for each batch of FOX 2 reagent prepared. The 
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experiment was repeated under the same conditions but without cells to establish the rate of 
chemical decomposition of H2O2 in DMEM. 
 
As H2O2 naturally decomposes, its concentration was checked using the spectrophotometer 
before it was used in samples or standards. A 10 mM solution of H2O2 has an absorbance of 
0.43 at 240nm [176].  
 
Figure 2.4: A representative calibration curve for H2O2 quantification by FOX2 assay. 




HaCaT were grown in 4-well glass chamber slides at 1 X10
5
 cells and 1 ml per well. The 
medium was changed to basal DMEM for 16 h to render the cells quiescent. The cells were 
scratched with a pipette tip as described in section 2.3 and incubated at 37⁰C for 15 min. 
They were then fixed and permeablized for 15 min in 4% paraformaldehyde with 0.1% 
Triton-X 100. Samples were blocked with Image-iT FX Signal Enhancer for 2 h at room 
temperature before incubating overnight at 4°C with anti-phosphorylated ERK or anti-
y = 0.00592x + 0.0255 































phosphorylated p38 at 1:200 in PBS. They were then incubated with Alexa Fluor 488 anti-
rabbit secondary antibodiy at 1:1000 in PBS for 2 h at room temperature. Slides were 
mounted with prolong gold anti-fade with DAPI to visualize cell nuclei and photographed 
using an Olympus BX 51 microscope (Tokyo, Japan). 
 
2.14 Co-culture model of cell migration 
The co-culturing method was modified from Ghahary et. al [177]. An adhesive wound assay 
insert was stuck onto the centre of a 6-well transwell to occlude the centre of the transwell 
from the surrounding. Primary keratinocytes were trypsinized, re-suspended in Epilife 
medium supplemented with HKGS and seeded into the area outside the wound assay insert at 
3 X 10
5
 cells, 2 ml per transwell. Fibroblasts were trypsinized, re-suspended and seeded into 
6–well plates at 3 X 105 cells, 2 ml per well. The keratinocytes and fibroblasts were grown 
separately for 48 h till confluent. The transwells containing the keratinocytes were then 
placed above the fibroblasts. Medium for both cell type was changed to the co-culture 
medium, which is basal Epilife:basal DMEM:FBS at a ratio of 49:49:2. The volume of 
medium was 2 ml per well and 1 ml per transwell insert. After 2 days, the keratinocytes were 
airlifted by removing the medium in the transwells inserts while the medium at the bottom 
fibroblasts layer was replaced with fresh medium. Two days after airlift, the wound assay 
insert was removed and the keratinocytes were allowed to grow into the denuded area. 2 ml 
of co-culture medium containing H2O2 or NAC was added into the fibroblasts layer and 1 ml 
into the keratinocytes. After 30 min, the medium in the keratinocytes layer was aspirated 
leaving only the medium in the fibroblasts layer. The treatment was repeated every 24 h, over 
a period of 4 days. The same treatment was carried out for control experiments except that no 
test compounds were added. Images of the closure were monitored with a dissection 
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microscope (Leica Microsystems, Wetzlar, Germany) for 4 days at 24 h intervals. A 
schematic diagram of the co-culture model is shown in figure 2.5. 
 





2.15 Animal handling and excision wound model 
The wound excision model was modified from a method described previously [178]. Eight 
weeks old C57/BL6 mice were obtained from NUS Laboratory Animal Care centre. The 
method for generating the excision wound and subsequent monitoring have been approved by 
the NUS Institutional Animal Care and Use Committee (NUS 095/09). Animals were fed on 
a standard chow diet and housed in a specific pathogen free facility. Mice were acclimatized 
for a week before wounding. The hair on the dorsum was shaved 1 day before wounding. 
Mice were anesthetized with 5% isoflurane in an enclosed container until they were 
unresponsive. A nose cone was then fitted on them and anesthesia was maintained with 3% 
isoflurane. The skin was wiped with povidone-iodine solution followed by 70% isopropyl 
alcohol. The mice were laid down laterally and the dorsal skin was extended out with a pair 
of forceps. A 5-mm dermal punch was then used to create two wounds on the upper half of 
the dorsal by punching through the two sides of the skin. The procedure was then repeated to 
create another 2 wounds on the lower half of the dorsal.  
 
The size of the wounds was then immediately traced onto a piece of sterile transparent plastic 
sheet. The wounds are full thickness excision wounds therefore a cavity has been created 
between the underlying muscles and remaining skin. 15 µL of PBS or H2O2 diluted in PBS 
was then added into this cavity. The mice were maintained at the nose cone for another 5 min 
to allow the H2O2 to be absorbed by the wound. An Elizabethan mouse collar was then placed 
on the neck to prevent the mice from biting or licking the wounds. Mice were also 
individually housed to prevent them from biting or licking each others‟ wounds. 0.1 ml of 
0.03 mg/ml of buprenorphine, an opioid analgesic, was given subcutaneously. This is 
equivalent to 0.1 mg/kg body weight, based on the average body weight of 25 g. 
Buprenorphine was administered every 24 hourly for up to 4 days post wounding. 
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PBS and H2O2 application, as well as wound size monitoring, was carried out on the 1,2,3,4,6, 
8 and 10
th
 day post wounding. Mice were euthanized by CO2 asphyxiation before the wounds 
were removed. Wounds for protein analysis were immediately frozen with dry ice. Wounds 
for histological analysis were halved and processed according to section 2.16.  
 
2.16 Preparation of histological sections 
Freshly excised wound samples for paraffin sectioning were fixed immediately in 10% 
phosphate buffered formalin (pH 7.4) immediately after they were collected. Fixation was 
carried out for 24 h at 4C. Samples were then dehydrated with increasing concentrations of 
ethanol (50, 70, 80, 90 and 100%) 1 h at each concentration and then kept in 100% ethanol 
overnight. Samples were cleared by 2 incubations in 100% toluene, each incubation lasting 
15 min. The cleared samples were then permeated with wax by 2 incubations in hot wax 
(65C), 15min each. Samples were then mounted in paraffin and stored at room temperature 
until ready for sectioning. Paraffin sections of 5µm thickness were prepared on adhesive 
glass slides. 
 
Freshly collected wound samples for cryosections were embedded in optimal cutting 
temperature (OCT) compound and frozen using a dry ice and isopentane slurry. Cryosections 
of 6-8 µm thickness were prepared on adhesive glass slides. 
 
2.17 Immunohistochemistry 
CD31 was stained using an immunohistochemical method. Paraffin sections were dewaxed 
with 3 rapid consecutive washes in xylene and rehydrated in 3 washes in 100% ethanol 
followed by deionized water. Heat-induced antigen retrieval was carried out by heating in pH 
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6.0 sodium citrate buffer (~95-100⁰C) over a hotplate for 15 min. Samples were then 
processed with a peroxidase ABC amplication kit with some modifications from the 
manufacturer‟s protocol. Sections were blocked in 1.5% goat serum in TBS overnight at 4⁰C. 
Slides were kept in a box with moist paper towels to prevent desiccation. After blocking, 
excess serum was removed from the samples by tipping the slides on one side. Rabbit 
polyclonal anti-CD31 diluted in 1.5% goat serum at a dilution of 1:100 was then added onto 
each section and incubated for 1 h. After incubation, slides were washed in TBS with mild 
agitation for 3 times, 5 min each. A biotinylated anti-rabbit secondary antibody was diluted in 
1.5% goat serum at 1:200 and incubated for 1h. Slides were washed in TBS with mild 
agitation for 3 times, 5min each. The signal was amplified by adding the avidin-biotin 
cassette reagent for 30 min followed by washing in TBS for 3 times with mild agitation, 5 
min each. The peroxidise activity was stained by using diaminobenzidine using DAB+ 
according to the manufacturer‟s protocol for 30 min followed by washing in TBS and 
counterstaining with hematoxylin.  
 
Hematoxylin stain was performed by adding filtered hematoxylin solution to slides for 10 
min followed by differentiating in 1% HCl in 70% ethanol for 30 sec. Blue-ing was done in 
0.5% ammonium hydroxide in 70% ethanol.  
 
Slides were dehydrated by passing through 3 washes of ethanol and cleared with 3 washes of 
xylene before a coverslip was mounted using DPX mounting medium. Slides were cured 




Photomicrographs of the sections were taken at 20X objective lens with bright field 
illumination. An image of the entire wound region was produced by piecing multiple fields 
together using Adobe Photoshop CS5. The number of lumen like structures within the entire 
neodermis was counted and normalized against the cross-sectional area of each section. The 
neodermis is defined as the tissue that lies beneath the hyper-proliferating epidermis and is 
devoid of hair follicles. Highly vascularized neodermis is also known as granulation tissue. 
Counting was done blinded by 2 lab members and results are average of both their counts. 
The average difference between the counts of each user from the mean is 14.8%. 
 
2.18 Connective tissue stain 
Paraffin sections were dewaxed and rehydrated as described in section 2.17. Sections were 
then re-fixed in Bouin‟s fixative at 55⁰C for 30 min. Bouin‟s fixative consists of saturated 
picric acid, formalin and acetic acid at a ratio of 75:25:5. After re-fixing, sections were 
stained for connective tissues using the Masson-Goldner trichrome staining kit according to 
the manufacturer‟s instruction. Slides were dehydrated, cleared and mounted as described in 
section 2.17.  
 
Photomicrographs of the sections were taken at 20X objective lens with bright field 
illumination. An image of the entire wound region was produced by piecing multiple fields 
together using Adobe Photoshop CS5. The percentage area of the neodermis that is green was 





2.19 Immunofluorescence  
Frozen sections were fixed in 4% paraformaldehyde for 20 min. Samples were incubated with 
the Image-iT FX signal enhancer for 2 h at room temperature to reduce background 
fluorescence. Sections were subsequently incubated for 2 h at room temperature with a rat 
monocolonal anti-mouse F4/80 antibody for macrophage staining [179] or anti-7/4 for 
neutrophil staining [180]. Both primary antibodies were diluted at 1:1000 in TBS. Samples 
were then washed in TBS with mild agitation for 3 times, 5 min each. 
 
After washing, sections were incubated with Alexa Fluor 594 goat anti-rat antibody at 1:1000 
dilution for 30 min at room temperature. Sections were mounted with prolong gold anti-fade 
mounting medium containing DAPI and allowed to cure on a flat surface in the dark 
overnight. Edges of the coverslip were sealed with a nail polish before the slides were 
visualized and photographed using Olympus BX 51 microscope. Images were taken with a 
consistent exposure time, 20ms for F4/80, 12.5ms for neutrophil and 1.25ms for DAPI 
staining with a camera sensitivity of ISO800.  
 
Fluorescence micrographs of the sections were taken at 20X objective lens with a Cy-5 
fluorescence filter. An image of the entire neodermis was produced by piecing multiple fields 
together using Adobe Photoshop CS5. Fluorescence intensity of the neodermis was then 
analysed using ImageJ. 
 
2.20 F2-Isoprostanes extraction and analysis 
F2-isoprostanes were analysed using previously published methods with slight modification 
[181, 182]. Lipids were extracted from 2 whole wounds (approximately 10 mm diameter, 100 
mg). The wounds were homogenized in 0.5 ml PBS (pH 7.4) and 1 ml Folch organic solvent 
mixture (CHCl3:methanol, 2:1 v/v, + 0.005% BHT) at 4°C. After centrifugation at 2300 g for 
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10 min the lower organic layer was carefully transferred to a glass vial and dried under a 
stream of N2. The dried lipid extract was resuspended in 0.25 ml deionized water and  0.25 
ml of 1 M KOH (in pure methanol) was added to hydrolyse the lipids. Heavy isotopic F2-
isoprostane and arachidonic acid internal standards ( 0.5 ng IPF2a- VI-d4,  0.25 ng 8-iso-
PGF2a-d4, 0.5ng IPF2a-IV-d4 and  1.0 μg arachidonic acid-d8 in 20 μl ethanol) were also added.  
 
N2 gas was introduced into each sample vial, which was then capped to prevent any further 
oxidation. Hydrolysis was done overnight at  ambient temperature  in the dark.  1 ml of 
deionised water and 1 ml of 40 mM acetic acid were added after the hydrolysis. pH of 
samples was adjusted to 4.5 using  6M HCl.  
 
60mg MAX (mixed ion exchange, Waters) columns were preconditioned with 2 ml of 
methanol followed by 2 ml  of 40 mM formic acid (pH 4.5). The lipid extract was then loaded 
and the column was washed with 2 ml of methanol:20 mM formic acid, pH 4.0 ( 3:7).  2 ml 
hexane followed by another 2 ml of acetone:hexane (3:7) were introduced into the column. 
Finally, arachidonic acid and F2-isoprostanes were eluted from the solid phase extraction 
(SPE) column with 1.8 ml of acetone:methanol (4:1), collected and dried under N2 gas.  
 
Samples were derivatized with 12.5 μl of DIPEA (10% v/v acetonitrile) and 25 μl of PFBBr 
(10% v/v acetonitrile) at room temperature for 30 min and dried under nitrogen gas. To the 
dried samples,  12.5 μl of acetonitrile and  25 μl of BSTFA + TMCS were added and the 
reaction mixtures incubated at room temperature for  1 h silylation and then dried. The 
derivatized samples were reconstituted in  30 μl of iso-octane and incubated at room 




Derivatized samples were analyzed by a Hewlett–Packard 5973N mass selective (MS) 
detector (Agilent Technologies) interfaced with a Hewlett–Packard 6890 gas chromatograph 
(GC) (Agilent Technologies), fitted with an automatic sampler and a computer workstation. 
The injection port and GC-MS interface were kept at  270 and 300°C, respectively. The mass 
spectrometer was used in the negative chemical ionization (NCI) mode with the ion source 
and quadrupole at 150 and 106°C, respectively, and the methane flow rate was set to 2 
ml/min. Chromatographic separations were carried out on a fused silica capillary column (30 
m × 0.2 mm i.d.) coated with cross-linked 5% phenylmethylsiloxane (film thickness 0.33 μm) 
(Agilent Technologies). The carrier gas, helium, was set to a flow rate of 1 ml/min. 
Derivatized samples (1 μl) were injected splitless into the GC injection port. The column 
temperature was maintained at 180°C for 0.75 min, then increased to 275°C at 40°C/min, and 
then held at 275°C for 9 min. Finally the temperature was raised to 300°C at  40°C/min and 
held for  10 min. Selected ion monitoring was performed to monitor the carboxylate ion (M-
181: loss of pentafluorobenzyl, CH2C6F5) at ions m/z 569 for 8-iso-PGF2α and at m/z 573 for 
deuterium-labeled (8-iso-PGF2α-d4 and IPF2α-VI-d4) internal standards. Quantitation was 
achieved by relating the peak area of the total F2-IsoPs with the sum of the internal standard 
peaks of the two different F2-IsoPs (8-iso-PGF2α-d4 and IPF2α-VI-d4). Reported values are the 
sum of 8-iso-PGF2α, IPF2α-VI and IPF2α-IV. 
 
Arachidonate was also analyzed by GC-MS-NCI using the same instrument and column 
conditions as described above, except for the following: helium was set to a flow rate of 1 
ml/min and derivatized samples (1 μl) were injected splitless into the GC injection port. The 
column temperature was maintained at 180°C for 0.75 min, then increased to 310°C at 
40°C/min, and then held for 8 min. Target and qualifier ions were chosen for selected ion 
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monitoring mode of the GC-MS to monitor the carboxylate ion (M-181: loss of 
pentafluorobenzyl, CH2C6F5) at ions m/z 303 for arachidonate and m/z 311 for deuterium-
labeled arachidonic acid-d8 internal standard. Quantitation was achieved by relating the peak 
area of the total arachidonate with the internal standard peak. The retention time for 8-iso-





Chapter 3: Effects of H2O2 on in vitro models of wound healing 
The scratch wound model is a commonly used in vitro model to study re-epithelialization 
since it mimics several aspects of keratinocytes migration in vivo. Similar to a wound, cells in 
the scratch assay are also mechanically wounded. Keratinocytes migrate as an epithelial cell 
sheet in both the scratch assay as well as wounds [171]. “Wound healing” in the scratch assay 
is through the combined effects of proliferation and migration, both of which are important in 
wound healing [183]. Therefore, we chose to use the scratch assay to study the effect of H2O2 
on re-epithelialization in HaCaT cells. HaCaT cells are a spontaneously immortalized, non-
cancerous, human keratinocyte cell line. They arose when human adult keratinocytes from a 
donor were cultured in low calcium medium under an elevated temperature of 38.5⁰C, hence 
the name HaCaT. Similar to primary keratinocytes, they retain the ability to differentiate and 
stratify when cultured in 3D organotypic cultures and are non-invasive when transplanted 
into athymic nude mice [184]. 
 
3.1 Effect of H2O2 on HaCaT keratinocytes migration 
3.1.1 Low concentrations of H2O2 increases keratinocyte migration and induce 
phosphorylation of ERK1/2 and p38 MAPK 
 
H2O2 is known to be cytotoxic and can induce cell death by both apoptosis and necrosis. 
H2O2 significantly reduced viability of HaCaT cells at 1 mM (p<0.01) but had a mild 
proliferative effect at 250 µM (p<0.05) (Figure 3.1A) and it induced keratinocyte migration 
maximally at 500 µM without causing any loss in cell viability (Figure 3.1B). 500 µM of 
H2O2 was therefore used as the concentration to investigate the mechanism of H2O2-induced 
cell migration. This concentration is also equivalent to 8.9 nmole per 10
6
 cells. We also tried 
to determine if reducing ROS in the cells will have the opposite effect of retarding cell 
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migration. Treating keratinocytes with catalase (1000 U/ml) or N-acetyl-L-cysteine (NAC) at 
5 or 10 mM did not affect keratinocyte migration (Figure 3.1C).  
 
NAC is a cell permeable analogue of cysteine. It can function as a thiol antioxidant and also 
as a precursor to glutathione [185, 186]. It is important to note that NAC at high 
concentrations is acidic so the pH of the medium was neutralized with small amount of 10 M 
NaOH and filter sterilized before adding to the cells. A representative micrograph of the cell 
migration assay is shown in Figure 3.1D.  
 
We also observed that keratinocytes were able to scavenge H2O2 very rapidly and 500 µM of 
H2O2 was degraded within 60 min while there was no significant degradation of H2O2 in 
medium alone over 60 min (Figure 3.1E). By 24 h, almost all of the H2O2 in medium alone 
had disappeared.  
 
Both scratch wounding and H2O2 induced ERK1/2 (Figure 3.2) and p38 MAPK (Figure 3.3) 
phosphorylation very strongly and rapidly, with the peak in phosphorylation occurring at or 
before 15 min after treatment. Immunofluorescence staining also showed localization of 
phosphorylated p38 and ERK1/2 at the edge of the scratch wound (Figure 3.4). 
 
The amount of phosphorylation achieved 15 min after scratch wounding, H2O2 application or 
both is similar, implying that they are targeting the same pool of proteins which may be 
already maximally phosphorylated. However the phosphorylation of ERK1/2 and p38 was 
more sustained when H2O2 was used. The phosphorylation of ERK1/2 and p38 induced by 
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H2O2, with or without scratch wounding, persisted up to 8h but that induced by scratch 







Figure 3.1: Low concentrations of H2O2 stimulate cell proliferation and migration. (A) Cell 
viability was measured using MTT assay and expressed as viable fraction compared to 
untreated cells. Low concentrations of H2O2 stimulate cell proliferation but high 
concentrations (>500 µM) cause cell death. Results shown are average ± standard error of the 
mean (S.E.M) of 5 independent experiments. (B) H2O2 increases cell migration in a dose-
dependent manner. (C) Treating keratinocytes with the antioxidants NAC and Catalase 
(1000U/ml) did not affect cell migration. Migration rate for Figure 1B and 1C was measured 
using the scratch assay. Pixels migrated means the area covered by the keratinocytes in 24 h.  
Results shown are average ± S.E.M of 24 replicates. The experiment has been repeated 3 




One-way analysis of variance (ANOVA) for A and B have p <0.0001 and p = 0.2 for C. 
Dunnett‟s post hoc test was carried out for A and B to compare the different H2O2 
concentrations with control which has no H2O2. * p <0.05, ** p<0.01, *** p<0.001 when 
compared to untreated controls. (D) Representative micrograph of the scratch wound assay. 
(E) HaCaT keratinocytes degrade H2O2 rapidly. 500 µM H2O2 was added to tissue culture 
medium and the rate of degradation was monitored using the FOX assay. Results shown are 








Figure 3.2: Both scratch wounding and H2O2 activate ERK1/2 (A) Phosphorylation status of 
ERK1/2 over time. (B) Levels of pan-ERK1/2 across treatment (C) Band density of 
phosphorylated ERK1/2 was normalized against α-tubulin and expressed as fold change 
compared to untreated samples. All blots shown are representatives of 3 independent 











Figure 3.3: Both scratch wounding and H2O2 activate p38 (A) Phosphorylation status of p38 
over time. (B) Pan-p38 showed no changes across treatment (C) Band density of 
phosphorylated p38 was normalized against α-tubulin and expressed as fold change compared 
to untreated samples. All blots shown are representatives of 3 independent experiments and 




Figure 3.4: Cells show localization of phosphorylated ERK1/2 and p38 at the wound edge 
when scratch wounded. (A, B) Immunofluorescence staining of phosphorylated ERK1/2 and 
p38 15 minutes after scratch wounding. Phosphorylated ERK1/2 and p38 are stained green 







3.1.2 Persistent ERK1/2 phosphorylation is needed for H2O2-induced cell migration 
A MEK inhibitor, U0126 [187] was used to determine the role of ERK1/2 in H2O2-induced 
cell migration. It was found that 5 µM of U0126 was sufficient to completely inhibit ERK1/2 
phosphorylation induced by scratch wounding, 500 µM H2O2 or concurrent treatment with 
both (Figure 3.5A).  Inhibition of ERK1/2 led to an inhibition of both basal level of migration 
and also H2O2-induced migration (Figure 3.5B).  
 
To investigate if the duration of ERK1/2 signaling is important in cell migration, ERK1/2 
signaling was inhibited 0, 1, 4 or 8 hours after scratch wounding with or without the addition 
of H2O2 (Figure 3.5B). We found that the later ERK1/2 was inhibited, the weaker the 
inhibition of cell migration. Two-factor ANOVA was used to analyze the data, with H2O2 and 
the length of ERK inhibition as the two factors. As expected, H2O2 had an effect on migration 
rate (p < 0.05), and the length of ERK1/2 inhibition affected the migration rate very strongly 
(p < 0.001). There is a strong interaction between H2O2 and ERK1/2 inhibition (p < 0.001). 
Results were further analyzed with Bonferroni post-hoc test to compare the effect of H2O2 at 
the same time point of MEK inhibition. H2O2 was found to inhibit keratinocyte migration if 
ERK1/2 was inhibited at 0 h (p < 0.05) or 1 h (p < 0.01) after wounding. H2O2 had no effect 
on cell migration when ERK1/2 was inhibited 4 h after wounding but promoted migration if 
ERK1/2 was not inhibited (p < 0.001) or was inhibited at 8 h (p < 0.01) after wounding. The 
data collectively indicate that persistent ERK1/2 signaling is needed for H2O2-induced 






Figure 3.5: Sustained ERK1/2 activity is needed for cell migration. (A) Minimum dose of 
MEK inhibitor U0126 needed was determined by monitoring phosphorylation of ERK1/2 at 
15 min after scratch wounding, H2O2 treatment or a combination of both. (B) Cells were 
scratch wounded and 500 µM of H2O2 was added immediately. 5 µM U0126 was added at 
the time stated, which indicates the number of hours that have passed since wounding and 
H2O2 treatment. The 15 min pretreatment with U0126 was omitted for experiments in which 
MEK was inhibited 1, 4 or 8h after wounding. The results were analyzed using two-factor 
ANOVA, with the time of addition of U0126 (p < 0.001) and H2O2 (p < 0.05) as a factor each. 
Effects of H2O2 was statistically significant when U0126 was added at 0 h (p < 0.05), 1 h (p < 
0.01), 8 h (p < 0.01) or not added (p < 0.001). P-values were determined using Bonferroni 





3.1.3 EGF receptor phosphorylation is upstream of ERK1/2 but not p38 MAPK 
phosphorylation 
Next, we investigated if EGFR is required for the transduction of signal from H2O2 to the 
ERK pathway. Phosphorylation of EGFR leads to the recruitment of SH2 domain-containing 
proteins which ultimately leads to activation of the Ras/MEK/ERK pathway. A selective 
inhibitor of EGFR kinase activity, AG1478 [188], was used to determine if EGFR 
phosphorylation is upstream of ERK1/2 and p38 phosphorylation. It was observed that 
scratch wounding and H2O2-induced EGFR phosphorylation at Y1173 could be inhibited by 1 
µM AG1478. Inhibition of EGFR was also found to reduce basal ERK 1/2 phosphorylation as 








Figure 3.6: Scratch wounding and H2O2 induce EGFR phosphorylation which is associated 
with ERK1/2 but not p38 phosphorylation. (A) Cells were lysed 15 minutes after treatment 
with or without 1 µM AG1478, an inhibitor of EGFR kinase activity. Western blots shown 




pEGFR, pERK1/2 and α-tubulin were derived from the same blot while images for p-p38 and 
the second α-tubulin were derived from another blot of the same samples. (B,C,D) Band 
density was normalized against α-tubulin and expressed as fold change compared to untreated 
samples. Results shown are average ± S.E.M. of 3 experiments.  
p-values were calculated using 1-way ANOVA. p-values for 1-way ANOVA analysis are 
p<0.0001, p = 0.0001 and p = 0.1985 for sub-figure B, C and D respectively. Bonferroni post 
hoc test was carried out to compare the effect of AG1478 on different treatments * p <0.05, 
** p<0.01, *** p<0.001. 
 
3.1.4 EGF receptor phosphorylation induced by scratch wounding is ligand-dependent but 
that induced by H2O2 is ligand-independent 
A neutralizing antibody against EGFR, LA1, was used to determine if the phosphorylation of 
EGFR by H2O2 is caused by EGFR ligands. In a positive control experiment, 2.5ug/ml of 
LA1 was found to drastically reduce EGFR phosphorylation induced by EGF (Figure 3.7A). 
LA1 was found to significantly decrease scratch wounding but not H2O2-induced EGFR 
phosphorylation (Figure 3.7B), thus indicating that H2O2-induced EGFR phosphorylation is 
not caused by EGFR ligands (e.g. EGF, transforming growth factor-α (TGF-α), Heparin 




Figure 3.7: EGFR phosphorylation induced by H2O2 is ligand-independent but the EGFR 
phosphorylation induced by scratch wounding is ligand-dependent. (A) Positive control; 
Cells were lysed 15 min after treatment with 20 ng/ml EGF with and without EGFR 
neutralizing antibody LA-1. (B) Cells were lysed 15 min after treatment. Western blots 
shown are representative of 3 independent experiments which show similar trend. (C) Band 
density was normalized against α-tubulin and expressed as fold change compared to untreated 
samples. Results shown are average ±S.E.M. of 3 experiments. One-way ANOVA indicates 
that the differences between the treatment is significant (p=0.02) The effect of LA-1 was 






3.1.5 Role of p38 in H2O2-induced cell migration, a cautionary tale 
The p38 inhibitor SB203580 [189] was used to determine the role of p38 phosphorylation in 
H2O2-induced keratinocyte migration. MK2, also known as MAPK activated protein kinase 2, 
is a well characterized substrate of p38 MAPK, and its phosphorylation status was used to 
monitor effectiveness of p38 inhibition. It was found that SB203580 is an extremely effective 
inhibitor against p38 and 2 µM was more than sufficient to inhibit p38 kinase activity 
induced by scratch wounding, 500 µM H2O2 or concurrent treatment with both. (Figure 3.8A). 
 
Inhibition of p38 was found to increase cell migration (Figure 3.8B) which is not in 
agreement with some earlier studies which showed that 20 µM of SB203580 was able to 
inhibit keratinocyte migration [88]. We therefore decided to find out if higher concentrations 
of SB203580 have an inhibitory effect on keratinocyte migration. As shown in Figure 3.8C, 
concentrations of SB203580 at or above 20 µM can inhibit keratinocyte migration as well as 
H2O2 induced keratinocyte migration.  
 
We hypothesized that the retardation of cell migration at high concentrations of SB203580 
might be due to non-specific inhibition of the ERK pathway. Therefore, we measured the 
level of ERK1/2 phosphorylation 8 h after scratch wounding and how different 
concentrations of SB203580 can affect it. The effect of SB203580 on ERK1/2 
phosphorylation is similar to its effect on cell migration. Concentrations of SB203580 which 
are just sufficient for blocking p38 activation (2 µM) promoted ERK1/2 phosphorylation but 
high concentrations of it (≥ 20 µM) inhibited it. It was also confirmed that this effect is not 
due to altered levels of ERK1/2 expression (Figure 3.9A). It appears that the effects of 
inhibiting p38 with high concentrations of SB203580 might be artifactual, therefore only 2 








Figure 3.8: p38 is not needed for H2O2-induced migration but high concentrations of p38 
inhibitor can inhibit keratinocyte migration (A) Keratinocytes were treated with an inhibitor 
of p38, SB203580, and the phosphorylation of MK2 was monitored 15 min after scratch 
wounding, H2O2 treatment or a combination of both. (B) Migration rate of keratinocytes was 
measured after treatment with 2 µM SB203580 (SB) and 500 µM H2O2. Pixels migrated 
means the area covered by the keratinocytes in 24 hours.  Results shown are average ± S.E.M 
of 24 replicates. (C) Migration rate of keratinocytes was measured after treatment with 
varying concentrations of SB and 500 µM H2O2. Results shown are average ± S.E.M of 24 
replicates.  
 
One-way ANOVA was carried out for sub figure B and C (p<0.0001 for both). Test of 
significance between treatments and controls were carried out using Dunnett‟s post hoc test, 
comparing the different treatments with untreated controls. **p<0.01, ***p<0.001 when 
compared to untreated control. 
 
 
Having observed that low concentrations of SB203580 can induce ERK1/2 phosphorylation, 
we hypothesized that there might be a crosstalk between the ERK1/2 andp38 pathways. 
Inhibition of ERK1/2 was also found to increase p38 phosphorylation slightly (Figure 3.9B), 
indicating that there is a balance between ERK1/2 and p38 pathway and inhibition of either 
pathway can lead to activation of the other. Inhibition of either pathway did not affect the 
total amount of ERK1/2 and p38 present. Our observations further highlight the importance 





3.1.6 Persistent ERK1/2 signaling is needed for H2O2-induced proliferation 
Next we investigated the role of the p38 and ERK pathways on cell survival after exposure to 
non-cytotoxic concentrations of H2O2. Inhibition of p38 with 2 µM of SB203580 increases 
proliferation under serum free conditions. Inhibiting p38 after H2O2 exposure increases 
viability compared to control but did not further increase cell viability when compared to p38 
inhibition alone. (Figure 3.10A). Exposing keratinocytes to H2O2 and inhibiting MEK at the 
same time reduces cell viability but the cells can be rescued if ERK1/2 is allowed to be 
activated for 4 or 8 h after treatment with H2O2 before inhibition (Fig. 3.10b). This shows that 
sustained ERK1/2 signaling is needed for H2O2-induced proliferation and p38 does not affect 




















Figure 3.9: A complex crosstalk exists between ERK and p38 where inhibition of one 
pathway leads to activation of the other. (A) Concentrations of SB203580 that inhibit p38 
activity (2 µM) promote ERK1/2 but excessively high concentrations can inhibit it. (B) Effect 
of p38 or ERK inhibition on the other pathway. Cells were treated with inhibitors of MAPK 
and scratch wounded and/or treated with H2O2. Cell lysates were collected 8h after treatment. 






Figure 3.10: Sustained ERK1/2 activation is needed for H2O2-induced proliferation. (A) Cell 
viability was measured after treating cells with 2 μM SB203050 (SB) and 500 μM H2O2, with 
the MTT assay and expressed as viable fraction compared to untreated cells. Results shown 
are averages ± SEM of 5 experiments. (B) Keratinocytes were treated with 500 μM H2O2. 
The ERK pathway was then inhibited either immediately (0 h) or 4 and 8 h after H2O2 
treatment with 5 μM U0126.  
One-way ANOVA was carried out for sub-figure A (p=0.0026) and B (p<0.0001). For sub-




carried out using Dunnett‟s post-hoc test. For sub-figure (B) test of significance between all 
the columns were calculated using Tukey‟s post hoc test: *p < 0.05, **p < 0.01 
 
3.2 Effects of H2O2 on cytokine secretion in keratinocytes 
Persistent ERK is needed for the proliferative and pro-migratory effects of H2O2. As 
discussed in chapter 1, H2O2 can induce expression of cytokines. Ligands of RTK are well 
characterized activators of ERK [80]. We therefore hypothesized that the persistent ERK 
activation in HaCaT keratinocytes treated with H2O2 might be due to an autocrine signaling 
via cytokines secreted by the keratinocytes.  
 
3.2.1 Conditioned media from H2O2 treated keratinocytes can activate ERK 
Conditioned media from cells that have been treated with 500 µM H2O2 for 8 h were able to 
stimulate ERK1/2 phosphorylation in quiescent cells more strongly than conditioned media 
from untreated cells (Figure 3.11). There was no change in the amount of phosphorylated p38, 
pan-ERK and pan-p38. The LDH activity of the conditioned media was also measured to rule 
out the possibility that the increase in ERK-activating soluble factor is due to cell lysis and 
release of cytoplasmic content after H2O2 treatment. It was observed that H2O2 does indeed 
cause lysis of cells but only at 1000 µM. This agrees with earlier data on the effect of H2O2 
on cell viability (Figure 3.1A).  
 
As shown in Figure 3.1E, nearly all the H2O2 were decomposed by 1 h when 500 µM H2O2 
was added to cells. It is almost certain that would be none left after 8 h when the conditioned 
media were collected. Nevertheless, we have also ruled out the possibility that the ERK 
activating factor might be residual levels of H2O2 by adding 1000 U/ml of catalase to all the 
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conditioned media. Therefore we conclude that the ERK-activating factor present in the 








Figure 3.11: Conditioned media induce ERK1/2 but not p38 phosphorylation in quiescent 
cells. (A) Representative blots of ERK1/2 and p38 phosphorylation after quiescent cells were 
treated with conditioned media that initially contain varying amounts of H2O2. (B-E) 
Densitometry results of the blots. Results are obtain from 4 independent experiments and 
expressed as average fold change ± S.E.M. One-way ANOVA p-values are as listed: (B) 




significant. Dunnett‟s post hoc test for the different treatments against the control was 
performed for (B). * p <0.05  
(F) LDH activity in conditioned media. Results are obtain from 3 independent experiments 
and expressed as means ± SEM.. One-way ANOVA p=0.0064. Dunnett‟s post hoc test for the 
effect of H2O2 against untreated control. * p <0.05  
 
3.2.2 H2O2 induces expression of VEGF mRNA 
ERK was originally identified as a downstream substrate of RTK. Therefore we hypothesized 
that the soluble factors in the conditioned medium are ligands for RTK, which are cytokines 
more commonly known as growth factors. We therefore measured the expression of VEGF-A, 
a growth factor that has been shown to be expressed by keratinocytes and is important in 
wound healing [154]. RNA was isolated from HaCaT cells 8h after treatment with H2O2 and 
the expression of the 2 most dominant splice variants of VEGF-A, 121 and 165, was 
measured. As observed in figure 3.12, H2O2 increases the expression of both splice variants 




Figure 3.12: H2O2 induce the expression of VEGF-A 121 and 165. (A) The mRNA level of 
VEGF-A 8h after keratinocytes were treated with 500 µM H2O2 was measured using semi-
quantitative RT-PCR. Results shown are obtained from 4 experiment replicates (B) 
Densitometry results of the semi-quantitative RT-PCR. Results shown is the sum of the 
densities of both VEGF-A 121 and 165 expressed as a mean ± S.E.M of 4 replicates. Test of 
significance was calculated using t-test. * p <0.05 
 
3.2.3 H2O2 induces expression of pro-inflammatory and pro-angiogenic cytokines 
Preliminary data indicates that conditioned media from keratinocytes treated with H2O2 do 
have increased levels of VEGF-A. Therefore we decided to measure the level of 16 cytokines 
that are associated with wound healing or inflammation in the conditioned medium. The 






Table 3: Cytokines that are measured in the custom bead-based multiplex ELISA 





















Among the cytokines tested, EGF, TGF-α, MIP-1α, IL-1β and IL-10 could not be detected 
even in concentrated samples. In terms of amount, VEGF and IL-8 are the most abundant 
cytokines that are induced by H2O2. The cytokines are classified according to their response 
to H2O2 and MAPK inhibition.  
 
The group 1 cytokines consist of VEGF-A, IL-8, TNF-α and GM-CSF (Figure 3.13A). They 
exist in very low quantity in quiescent cells but their levels increase when the cells were 
exposed to H2O2 (p<0.001 for all the cytokines). This increase could be abolished by 
inhibiting MEK with 5µM of U0126, indicating that their secretion is dependent on the ERK 
pathway. Inhibiting p38 with 2µM of SB203580 does not increase cytokine expression but 
was found to augment the H2O2-induced secretion of these cytokines (p<0.001 for VEGF, 
TNF-α, GM-CSF; p<0.01 for IL-8). This is consistent with our observation that inhibition of 
p38 leads to ERK phosphorylation.  
 
We observed that secretion of IL-6 (Figure 3.13B) is slightly different from the group 1 
cytokines and therefore classified it as a group 2 cytokine. Basal level of IL-6 is also low and 
H2O2 was able to induce its secretion very strongly (p<0.001). Although its secretion is 
dependent on the ERK pathway, its secretion cannot be abolished by MEK inhibition, 
indicating that other pathways besides p38 or ERK must be involved. Inhibition of p38 
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further increases H2O2-induced secretion (p<0.001). It is interesting to note that only the 
simultaneous inhibition of p38 and H2O2 stimulation can increase expression of group 1 and 2 
cytokines and simply inhibiting p38 alone has no effect. The cytokine IP-10 is categorized as 
a group 3 cytokine as it is induced by H2O2 and the induction is dependent on both p38 and 
ERK pathway (Figure 3.13C). Group 4 cytokines include GRO, MCP-1, IL-1RA, PDGF 
AB/BB and FGF2 and their levels are not affected by H2O2 (Figure 3.13D).  
 
Lastly, we also observed a 2 fold increase in LDH leakage when MEK was inhibited without 
H2O2 stimulation (Figure 3.14). The results were analyzed using 2-way ANOVA with the 
effect of inhibitors as the first factor (p<0.0001) and the effect of H2O2 as the second factor 
(p<0.0001). Bonferroni post hoc test showed that treatment of cells with 5 µM U0126 alone 
was sufficient to induce significant release of LDH (p<0.01). However we did not observe 
any increase in cytokines in these cells indicating that cell lysis and rupture is not an 





























Figure 3.13: H2O2-induced cytokine secretion and their dependence on the ERK and p38 
pathway. Cells were pretreated with 5 µM of MEK inhibitor U0126 (U0) and 2 µM of p38 
inhibitor SB203580 (SB) for 15 min before H2O2 was added. Cytokines were measured in the 
conditioned media and based on the results, classified into groups 1-4.  
 
(A) Group 1 cytokines: VEGF, IL-8, TNF-α and GM-CSF. Secretion of these cytokines can 
be increased by H2O2 (p<0.001 for all). Differences in cytokine levels between H2O2 and 
non- H2O2 treated cells when ERK is inhibited is not statistically significant. Inhibition of 
p38 can further increase H2O2-induced secretion of these cytokines. (p<0.001 for VEGF, 
TNF-α, GM-CSF; p<0.01 for IL-8). 
 
(B) Group 2 cytokine: IL-6. Secretion of this cytokine can be induced by H2O2 (p<0.001). Its 
level is regulated by ERK but inhibiting ERK does not abolish its secretion. Inhibition of p38 
further increases H2O2 induced secretion of this cytokine (p<0.001).  
 
(C) Group 3 cytokine: IP-10. Secretion of this cytokine can be induced by H2O2. Its level is 
dependent on both ERK and p38. (D) Group 4 cytokines: GRO, MCP-1, IL-1RA, PDGF 
AB/BB and FGF2. Their levels are not affected by H2O2.  
 
Results are normalized to cell number and the 10 fold concentration of samples for some 
assays has been corrected for. All results shown are mean of 5 replicates ± S.E.M. Results are 
analyzed by 2-way ANOVA and p-values were calculated using Bonferroni post-hoc test. 










Figure 3.14: The LDH activity of conditioned medium from cells treated with U0126 (U0), SB203580 
(SB) and H2O2. Results are analyzed by 2-way ANOVA and p-values were calculated using 
Bonferroni post-hoc test. **p<0.01 
 
3.2.4 Conditioned medium alone does not induce cell migration 
Next we investigated if the autocrine signaling loop is the cause of increased migration and 
proliferation in keratinocytes after H2O2 treatment. As observed in figure 3.15, conditioned 
medium from cells, regardless of H2O2 treatment, does not stimulate cell migration. The 95% 
confidence intervals of the different treatments also overlap indicating that the differences 
observed are not important. Therefore, we conclude that an autocrine signaling loop may 






Figure 3.15: Conditioned medium from cells treated with 500 µM H2O2 is not sufficient to 
induce cell migration. The scratch-wound assay was carried out on quiescent HaCaT cells 
that were given basal DMEM (No treatment), conditioned medium from HaCaT cells 
(Control Cond) and conditioned medium from HaCaT cells treated with H2O2 (H2O2 Cond).  
Results shown are average ± 95% confidence interval of 24 replicates.  
 
3.3 Effects of H2O2 on a keratinocyte-fibroblast co-culture model of wound 
healing 
Keratinocytes are not the only cell types that participate in wound healing. Fibroblasts, the 
main cell type within the dermis, also play an important role in wound healing. A co-culture 
model using primary keratinocytes and fibroblasts was also used as an alternative model of 
re-epithelialization in this thesis. While co-culture models are frequently used to identify the 
signaling mechanism between keratinocytes and fibroblasts [190], we have developed a 
method to use them to study re-epithelialization.  
 
As shown in figure 3.1A, H2O2 promoted keratinocyte migration in the monolayer scratch 




highly effective in removing H2O2, no effect on cell migration. Therefore we wanted to 
investigate if this observation holds true in the co-culture model of re-epithelialization as well.  
 
3.4.1 Co-culture model of re-epithelialization 
In the keratinocyte-fibroblast co-culture model of re-epithelialization, a „wound‟ of consistent 
size was created by seeding keratinocytes onto an area occluded by a wound assay insert 
(Refer to figure 2.5 for a schematic diagram). The rate of keratinocyte in-growth was used as 
an indicator of re-epithelialization. A feature of keratinocyte-fibroblast co-culture that has 
been cultured under airlift condition is that keratinocytes will differentiate and stratify. 
Involucrin expression in the keratinocytes was measured as a marker of stratification on day 1, 
4 and 10 of co-culture. These days correspond to the keratinocytes just before co-culturing, 2 
days after airlift which is also the day of “wounding” and 6 days after “wounding”. 
Involucrin is a precursor of the cornified envelope and is used as a marker for stratified 
keratinocytes [177]. It was observed that the co-culturing was sufficient to induce 
differentiation and stratification of monolayer keratinocytes to cells that represent the skin 
better (Figure 3.16A). 
 
The results of the wound closure are shown in figure 3.16. Data of this kind should be 
analyzed by a 2-factor ANOVA with one factor being time and the other the different 
treatments. However, it is clear that wound closure must increase with time hence there is no 
need to test if time affects wound closure. We therefore chose to integrate the graphs in figure 
3.16C by the trapezoid rule approximation to obtain the area under the curve (AUC). A lower 
AUC indicates slower closure whereas a higher AUC indicates faster closure. Results are 
shown in Figure 3.16D and analyzed by 1-factor ANOVA. It was observed that 250 µM of 
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H2O2 promoted re-epithelialization more rapidly but 500 µM H2O2 did not have a significant 
effect. On the other hand, NAC strongly retards re-epithelialization (Figure 3.16B-D).  
 
The cell viability of both the keratinocyte and fibroblast layer was measured to determine if 
the differences in re-epithelialization rate could be due to changes in cell viability. It was 
found that keratinocytes and fibroblasts have very different susceptibility to H2O2 and NAC. 
H2O2 and NAC both reduced the viability of fibroblasts strongly but caused little cell death in 
the keratinocytes (Figure 3.17). In fact, H2O2 has a mild proliferative effect which was 

















Figure 3.16: H2O2 promotes keratinocyte migration in a co-culture model of re-
epithelialization and NAC retards it. (A) Involucrin expression in keratinocytes when co-
cultured with fibroblasts. Day 0 is the first day of co-culture, day 4 correspond to the day of 
„wounding‟ and day 10 is 6 days after „wounding‟. (B) A timeline representing the process of 
co-culturing (C) Representative micrographs of the re-epithelialization process over time. 
The area that is unoccupied by keratinocytes is outlined in red for better visualization as the 
contrast is lost when the images were shrunk (D) The rate of re-epithelialization for cells 
under different treatment. Medium was changed every 24 hourly and the treatment was re-
applied. Results are average of 6 experiments ± S.E.M. (E) Results for the line graphs in (C) 
are integrated by the trapezoid rule approximation. The resulting Area Under the Curve 
(AUC) is plotted as a bar graph and analyzed using 1-way ANOVA. p-values was calculated 










Figure 3.17: Cell viability was measured using MTT assay as described in 2.10. Cells have 
been exposed to the stated agent every 24 hourly for 96h. Results are average of 8 
experiments ± S.E.M. p values were calculated using one-way ANOVA with Dunnett post 
hoc test where each column was compared to the control column.  *p <0.05, ***p<0.001 
 
3.4 Brief Discussion 
Results from the monolayer HaCaT cell culture model showed that H2O2 can stimulate cell 
migration and cytokine secretion. The ERK pathway is particularly important for H2O2 
induced cell migration as well as secretion of VEGF, GM-CSF, IL-8, TNF-α, IL-6 and IP-10 
by keratinocytes. However, addition of the antioxidants, catalase and NAC, does not retard 
wound closure. 
 
On the other hand, we showed that H2O2 can stimulate wound closure in the keratinocyte-
fibroblast co-culture and NAC can retard it. The co-culture highlighted the fact that different 
in vitro models can behave differently. In addition, we also showed that fibroblast are more 
sensitive than keratinocytes to H2O2. This could possibly limit the use of H2O2 in wound 
healing. The effects of H2O2 were thereore investigated in an in vivo model of wound healing 




Chapter 4: Effects of H2O2 in an in vivo model of wound healing 
In vitro experiments from chapter 3 suggested that H2O2 might promote wound closure, 
possibly with increased angiogenesis and inflammation due to increased secretion of pro-
angiogenic and pro-inflammatory cytokines. On the other hand, we also observed that 
fibroblasts, the main cell type of the dermis, are particularly sensitive to H2O2. Excessive 
ROS are also associated with oxidative damage. Therefore in this chapter, we seek to 
determine the effects of topically applied H2O2 on wound healing in “real life”, using a 
suitable animal model, the excision wound model in C57BL/6 mouse.  
 
4.1 Biphasic effects of H2O2 on wound closure 
It was observed that the mice were able to heal very rapidly and it was difficult to measure 
the size of the wound 10 days after wounding. Therefore experiments were terminated by 10 
days post wounding. As shown in figure 4.1A, application of 15 µL of 166 mM of H2O2, 
which is equivalent to 2.5 µmol of H2O2 per wound, retarded the wound closure rate 
marginally during the initial stages of healing (6 days and earlier). However, there was no 
difference in healing by day 10. We therefore focused on the initial stages of wound healing 
and observed that while 166 mM H2O2 retarded wound closure, 10 mM of H2O2 increased 
wound closure rate slightly but not significantly (Figure 4.1B). 
 
 2-Way ANOVA is commonly used to analyze changes in a variable over time across 
different treatments. As we are not analyzing the effects of time on wound healing, we chose 
to compare the Area Under the Curve (AUC) from the curves in figure 4.1B. By comparing 
the AUC (Figure. 4.1C), we were able to analyze the results using a 1-way ANOVA which is 
statistically more powerful than a 2-way ANOVA. Treatments with a smaller AUC indicate 
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faster healing. One-way ANOVA analysis of Figure 4.1C showed that there is significant 
differences among the different groups (p = 0.0008). Using Tukey‟s multiple comparison 
among all the 3 groups, it was found that 166 mM delayed wound closure rate when 
compared to control (p<0.05) and the delay was even more significant compared to the 10 
mM treatment (p<0.001). 10 mM appears to hasten wound closure compared to control but 




4.2 Effects of H2O2 on connective tissue formation and MMP production 
The Masson-Goldner trichrome stain was used to evaluate the formation of connective tissues 
within the wound. The Masson-Goldner trichrome stain is a modification of the Masson 
Trichrome stain. Connective tissues and cellular proteins are differentially stained based on 
Figure 4.1: Biphasic effects of H2O2 on wound 
closure. (A) Effects of 166 mM of H2O2 on 
wound closure monitored over 10 days. n≥ 8 
(B) Effects of 10 and 166 mM of H2O2 on 
wound closure monitored over 6 days. n≥ 6 (C) 
Integral of the wound closure curves monitored 
over 6 days. AUC refers to area under the 
curve. The smaller the AUC, the more rapid the 
closure. All results shown are mean ± S.E.M. 
Difference between control and 10 mM treated 
animals is not significant. Post hoc comparison 
of all the groups were performed using Tukey‟s 




their molecular sizes. A red dye (azophloxine) was used to stain all the components within 
the section initially. The dye does not penetrate the higher molecular weight connective tissue 
fibers as deeply compared to the lower molecular weight cellular components. When the 
section is decolourized with phosphotungstic acid, connective tissues are preferentially 
decolourized. The sections are then counter-stained with light green SF yellowish and the 
areas that are stained green will be the connective tissues.  
 
For quantitation, the % of neodermis area stained green was evaluated using software written 
by Dr. Martin Wasser (unpublished work, Bioinformatics Institute, Singapore). The software 
was first used to analyze the amount of connective tissues in wound sections obtained from 
control animals at 3, 6, and 10 days post wounding to evaluate its accuracy. As shown in 
figure 4.2, the software showed that the amount of connective tissues increases steadily as the 
wound heals. 
 
Next we investigated if 10 or 166 mM of H2O2 can affect connective tissue formation in 
wounds. Tissue sections were stained using the Masson-Goldner trichrome method and the 
proportion of green pixels evaluated with the software. Figure 4.3 shows that 166 mM H2O2 
retards the deposition of connective tissues but 10 mM has no effect on connective tissue 
formation. This corresponds with the results that 166 mM H2O2 retards wound closure but 10 








Figure 4.2: Quantification of connective tissue staining. Quantification was carried out by measuring 
the proportion of pixels that are green within the neodermis. n≥ 4, results shown are mean ± S.E.M. A 





Figure 4.3: 166 mM H2O2 retards connective tissue formation but 10 mM H2O2 does not affect 
connective tissue formation. Sections are obtained from 6 days post-wounding tissues n≥ 6, Results 
shown are mean ± SEM, A representative sections from each treatment is shown. There is significant 
difference among the treatment as tested by 1-way ANOVA (p=0.002). Post hoc analysis was 




It was hypothesized that wounds treated with high concentrations of H2O2 might have higher 
levels of matrix metalloproteinases or reduced levels of tissue inhibitor of metalloproteinases. 
Levels of MMP8, 9 and TIMP-1 was measured in wound samples from 6 days post wounding.  
 
Pro-MMP-8 isolated from polymorphonuclear (PMN) leukocytes has been shown to have 
molecular weight of 75 kDa in size which is cleaved to a 57 kDa isoform upon activation 




weight (45-55 kDa), most probably due to a lack glycosylation [192]. In our study, we 
observed a strongly immunoreactive band at about 60kDa which we believe to be the 
activated form of PMN derived MMP-8 (Fig. 4.4). No or little immune-reactivity was 
observed at molecular weights corresponding to the latent form or the fibroblast forms of 
MMP-8. Weak staining was also observed at approximately 21 kDa which has been reported 
to be degraded fragments of MMP-8 [193]. Densitometry analysis was carried out for the 
activated MMP-8 form and results were analyzed using 1-way ANOVA (p = 0.0045). Topical 
application of 166 mM H2O2 increased the levels of the activated MMP-8 in wounds but 10 
mM did not. Densitometry analysis of the MMP-8 degradation fragment showed the same 
trend as the activated form of MMP-8 indicating that degradation is not the cause of 
variations observed.  
 
Pro-MMP-9 appears as a band 105 kDa in size on SDS-PAGE while activated MMP-9 
appears as 97 kDa in size. We observed bands with strong immunoreactivity at 105 kDa 
which correspond to the zymogen form. (Fig 4.5) 166 mM H2O2 was found to increase levels 
of pro-MMP-9 but the increase was not statistically significant. p-value for one-way ANOVA 
was 0.13.  
 
Western blots of TIMP-1 showed 2 bands of molecular weight approximately 29 kDa. 
Densitometry results was analyzed with 1-way ANOVA (p=0.35) and it was found that 






Figure 4.4: 166 mM H2O2 treatment increases MMP-8. (A) Western blots of wound samples 6 days 
after wounding, showing strong immunoreactivity at about 60 kDa and weak immunoreactivity at 21 
kDa which correspond to activated MMP-8 and a degradation fragment of MMP-8. (B) Densitometry 
analysis of activated MMP-8. Results shown are mean ± S.E.M. (n=4) and analyzed by 1-way 







Figure 4.5: Effect of H2O2 on MMP-9 levels. (A) Western blots of wound samples 6 days after 
wounding, showing strong immunoreactivity at about 105 kDa which correspond to pro-MMP-9. (B) 
Densitometry analysis of pro-MMP-9. Results shown are mean ± S.E.M. (n=4) and analyzed by 1-







Figure 4.6: Effect of H2O2 on TIMP-1 levels. (A) Western blots of wound samples 6 days after 
wounding, showing two bands at approximately 29 kDa. (B) Densitometry analysis of both bands. 
Results shown are mean ± S.E.M. (n=4) and analyzed by 1-way ANOVA (p=0.35).  
 
4.3 Effects of H2O2 on angiogenesis 
We have shown that H2O2 strongly increases secretion of VEGF and IL-8 in HaCaT 
keratinocytes (section 3.2.3), both of which can stimulate angiogenesis. Therefore we stained 
the blood vessels using anti-CD31, a marker for endothelial cells, to evaluate the effects of 
H2O2 on wound angiogenesis. As shown in figure 4.4, 166 mM H2O2 did not have any effect 





Figure 4.7: 10 mM H2O2 induce angiogenesis but 166 mM H2O2 has no effect on angiogenesis. 
Sections are obtained from 6 days post-wounding tissues n≥ 6. The number of blood vessels within 
the neodermis is counted blinded and expressed as mean ± S.E.M. Difference between 166 mM and 
control was not statistically significant. A representative section from each treatment is shown. There 
is significant difference among the treatment as tested by 1-way ANOVA (p<0.0001). Post hoc 
analysis was performed using Dunnett‟s test. *** p <0.001 ; HE – Hyper-proliferating epidermis; GT 
– granulation tissue. The average difference between the 2 counts is 14.5%. 
 
4.3 Effects of H2O2 on leukocyte recruitment 
Besides being pro-angiogenic, IL-8 is also a chemokine for neutrophils. We have also shown 
that H2O2 can induce the secretion of TNF-α, GM-CSF and IL-6 by keratinocytes. These pro-
inflammatory cytokines can also enhance the survival of neutrophils and macrophages. 






Neutrophil and macrophage infiltration was determined using immuno-fluorescence staining 
with antibodies against 7/4 and F4/80. 7/4 is a surface marker found on mouse neutrophils 
with unknown biochemical function [180]. It is also found on immature monocytes but the 
expression is lost as the monocytes enter the circulation [194]. F4/80 is a surface marker 
found on mouse macrophages with unknown biochemical function. Its expression is 
increased in activated macrophages [195]. 
 
Similar to trends that have been reported in the literature [9], we observed strong staining for 
neutrophils just 1 day after wounding and the staining decreases as the wound heals (figure. 
4.5). 166 mM H2O2 was found to increase neutrophil infiltration and the results were 
significant 1 and 6 days post-wounding. It appears that high concentrations of H2O2 either 
attract more neutrophils and/or enhance their survival in the wound. 10 mM H2O2 did not 
induce persistent infiltration of neutrophils and inflammation resolved similar to the control 
wounds (figure. 4.6). Unlike neutrophils, macrophages appear later during wound healing and 
were still present 6 days after wounding. H2O2 at 166 mM or 10 mM did not affect 










Figure 4.8: Time course of neutrophil 
infiltration. Fluorescence intensity of 
the neodermis was quantified using 
ImageJ. All results shown are mean ± 
S.E.M, n≥6. A representative figure is 
shown. *p<0.05. HE – Hyper-
proliferating epidermis; ES – Eschar 






Figure 4.9: 166 mM H2O2 causes persistent neutrophil infiltration on day 6 post-wounding. 
Fluorescence intensity of the neodermis was quantified using ImageJ. All results shown are mean ± 
S.E.M, n≥6. A representative section from each treatment is shown. HE – Hyper-proliferating 
















Figure 4.10: Time course of 
macrophage infiltration. Fluorescence 
intensity of the neodermis was 
quantified using ImageJ. All results 
shown are mean ± SEM, n≥6. A 
representative figure is shown. HE – 
Hyper-proliferating epidermis; ES – 






Figure 4.11: H2O2 does not affect macrophage infiltration on day 6 post-wound. Fluorescence 
intensity of the neodermis was quantified using ImageJ. All results shown are mean ± SEM, n≥6. A 
representative section from each treatment is shown. HE – Hyper-proliferating epidermis; ES – 
Eschar, ND – neodermis. 
 
4.4 Effects of H2O2 on ERK1/2 and p38 phosphorylation 
The in vitro keratinocyte scratch wound model showed that both wounding and H2O2 induce 
ERK1/2 and p38 phosphorylation (section 3.1.1). We also found that activation of ERK1/2 
was especially important in cell migration and secretion of pro-inflammatory and pro-
angiogenic cytokines in keratinocytes. Therefore, we measured ERK1/2 and p38 
phosphorylation in the excision wound model as well. Mice were either treated with 15 µL 
PBS or 15 µL 166 mM H2O2 per wound. The basal level of ERK and p38 phosphorylation 




from mice 30 min after wounding. ERK and p38 phosphorylation was analysed according to 
section 2.6. 
 
Four sets of skin and wound tissues were analyzed together on the same blot for 
phosphorylated ERK1/2 and p38 and pan ERK1/2 and p38 (Fig. 4.9 & 4.10). There was an 
increase in ERK1/2 and p38 phosphorylation in wounds compared to intact skin but it was 
not statistically significant. 166 mM H2O2 increased ERK and p38 phosphorylation 
significantly compared to intact skin (P<0.01). However the difference between the wounds 
treated with PBS and H2O2 was not statistically significantly. There was no change in the 
















Figure 4.12: Wounding increases ERK1/2 phosphorylation which can be further increased by 166 mM 
H2O2 treatment. (A) Western blot of wound tissues lysate collected 30min after wounding. Skin 
denoted skin from unwounded animals. Each lane represents a sample from a different animal. 
Phosphorylated ERK1/2 and pan-ERK were measured on 2 different blots and normalized to α-
tubulin from the same blot. (B) The density of phosphorylated ERK and pan-ERK normalized against 
α-tubulin. Relative densities is the mean density of the 4 lanes on the same blot ± S.E.M. 
Densitometry result for phosphorylated ERK was analyzed by 1-way ANOVA and test of significance 
between all column was determined using Tukey‟s post hoc test. Only the comparison between 







Figure 4.13: Wounding increases p38 phosphorylation which can be further increased by 166 mM 
H2O2 treatment. (A) Western blot of wound tissues lysate collected 30min after wounding. Skin 
denoted skin from unwounded animals. Each lane represents a sample from a different animal. 
Phosphorylated p38 and pan-p38 were measured on 2 different blots and normalized to α-tubulin from 
the same blot. (B) The density of phosphorylated p38 and pan-p38 normalized against α-tubulin. 
Relative densities is the mean density of the 4 lanes on the same blot ± S.E.M. Densitometry result for 
phosphorylated p38 was analyzed by 1-way ANOVA and test of significance between all column was 
determined using Tukey‟s post hoc test. Only the comparison between 166mM treated wounds and 
skin was statistically significant. ** p<0.01.  
 
 
4.5 Effects of wounding and H2O2 on lipid oxidation 
It is often suggested that increased oxidative damage might be a cause of poor wound 
healing[196]. We therefore investigated if the slower healing caused by 166 mM of H2O2 is 




III, IV and VI isoprostanes were measured and normalized against arachidonic acid, the 
precursor fatty acid of the isoprostanes. As shown in figure 4.11, wounding strongly 
increased levels of F2-isoprostanes at 1 day after wounding (p<0.05), after which the level 
decreased. The amount of F2-isoprostanes 3, 6 and 10 days after wounding were still higher 
than that of normal skin but only those from the 10-days old wounds were statistically 
significant at 95% confidence level. However, it should be noted that the 95% confidence 
intervals for F2-isoprostanes from 3 and 6 days-old wounds do not overlap with that of intact 
skin indicating that the increase might still be biologically important.  
 
The F2-isoprostanes level of wounds treated with PBS was compared to wounds treated with 
H2O2 and analyzed using 2-way ANOVA, with 1 factor being H2O2 treatment and the other 
time. Time was found to have a significant effect on F2-isoprostanes (p<0.05) but H2O2 did 
not affect F2-isoprostanes level.  
 
It was found that H2O2 does not have a statistically significant effect on F2-isoprostanes level 
(Figure 4.11B). There was also substantial overlap in the 95% confidence interval among 
wounds from the same days of healing.  
 
The levels of F2-isoprostanes in skin and wounds per unit fresh tissue weight was also 
compared (Figure 4.12A) and the data were shown to display a much wider spread when 
compared to results that have been normalized against arachidonic acid (Figure 4.11A). There 
were also no significant difference between F2-isoprostanes per unit fresh tissue weight when 
wounds treated with PBS or 166 mM H2O2 were compared (Figure 4.12B). The arachidonic 
acid level was also found to be lower in intact skin but higher in wounds with the difference 
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being statistically significant between skin and wounds 3 days after wounding (Figure 4.12C). 
H2O2 treatment was not found to affect arachidonic acid levels in the wounds (Figure 4.12D). 
The increase in arachidonic acid lags behind the increase in F2-isoprostanes so the increase in 
F2-isoprostanes in wounds cannot be simply due to increase level of initial substrate. It 
appears that normalizing against arachidonic acid is important as there are changes in lipid 
profile as a wound heals.  
 
Figure 4.14: Wounding increases F2-isoprostanes levels but 166 mM H2O2 does not increase it further. 
(A) Comparison of F2-isoprostanes level in skin and wounds treated with PBS (control). Results 
shown are mean ± 95% confidence interval, n = 5. Results were analyzed with 1-way ANOVA 
(p<0.0001) and F2-isoprostanes level at different days were compared to the skin using Dunnett‟s 




(B) Comparison of F2-isoprostanes level in wounds treated with PBS (control) and wounds treated 
with 166 mM H2O2. Results shown are mean ± S.E.M, n = 5. Results were analyzed using 2-way 
ANOVA. Refer to text for details. 
 
 
Figure 4.12: Comparison of F2-isoprostanes levels per unit fresh tissue weight and changes in 
arachidonic acid over time. (A) Comparison of F2-isoprostanes levels in skin and control wound 
tissues normalized against fresh tissue weight. Results shown are mean ± 95% confidence interval, n 
= 5. (B) Comparison of F2-isoprostanes level normalized against fresh tissue weight in wounds treated 
with PBS (control) and wounds treated with 166 mM H2O2. Results shown are mean ± S.E.M, n = 5 
(C) Levels of arachidonic acid in skin and wound tissues. Results shown are mean ± S.E.M, n = 5 
*p<0.05. Differences between skin and wound tissues on day 1, 6, and 10 are not statistically 
significant. (D) Levels of arachidonic acid in control and 166 mM H2O2 treated wound tissues. 
Differences between control and H2O2 treated wound tissues are not statistically significant.  
 
 
4.6 Brief Discussion 
Results from in vitro models of wound healing (Chapter 3) showed that H2O2 might be 
beneficial in wound healing. In this chapter, we showed that 166 mM H2O2 can delay wound 
healing. The exact cause of delayed healing is not known but we can conclude that oxidative 
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lipid damage (at least as measured by F2-isoprostanes) is unlikely to be the cause of retarded 
healing in wounds treated with 166 mM H2O2. 
 
H2O2 was shown to activate ERK and p38 in the in vitro models and ERK was found to be 
important for the secretion of pro-inflammatory and pro-angiogenic cytokines. ERK was also 
shown to be activated by H2O2 in mouse wounds but the effect of H2O2 on cytokine 
expression is still not known. 166 mM H2O2 does increase neutrophil infiltration while 10 
mM H2O2 can increase angiogenesis. More experiments would be needed to determine 





Chapter 5: Discussion 
5.1 Effects of H2O2 on ERK1/2 phosphorylation and HaCaT keratinocyte 
migration 
Our study indicates that low levels of H2O2 might be beneficial in wound healing, particularly 
the re-epithelialization process. The amount of H2O2 needed to stimulate HaCaT keratinocyte 
migration is 500 µM, which is much lower than the 3% solution (972 mM) commonly used 
for wound disinfection and is comparable to the levels of H2O2 naturally present in wounds, 
which have been claimed to range from 50 [3] -200 µM [58]. In contrast to the common view 
that ROS are detrimental for wound healing [197], it is possible that low levels of ROS might 
be beneficial in wound healing. 
 
In this study, we demonstrated that H2O2 promotes keratinocyte migration and proliferation 
through the ERK pathway. Earlier studies have also shown that H2O2 increases motility in 
different types of cells through different mechanisms such as activator protein-1, focal 
adhesion kinase [198], c-Src [199], and Ras [200]. Our findings also agree with earlier 
studies which showed that ERK1/2 is needed for cell survival after treating NIH 3T3 and 
HeLa cells with H2O2 [89, 201]. It has also been reported that keratinocytes respond to 
increased oxidative stress by upregulating cytoprotective genes such as heat shock protein 60 
and 70 [202]. This could be a possible mechanism by which keratinocytes survive H2O2 
treatment and should be further studied. 
 
From this study, we also found that transient and sustained ERK1/2 phosphorylation 
produced different effects. Both scratch wounding and H2O2 induce ERK1/2 phosphorylation, 
but the phosphorylation produced by H2O2 is more sustained and is required for increased 
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motility as well as cell proliferation. We also showed that H2O2 is rapidly degraded by 
keratinocytes, implying that the sustained ERK1/2 signaling is not due to continuous 
exposure to H2O2. The concept that transient and sustained ERK1/2 activation are different 
has long been explored by several other authors. For example, it has been shown that many 
growth factors can induce ERK1/2 phosphorylation after 5 min of exposure but only those 
that increase ERK1/2 phosphorylation persistently for 24 hours (e.g. PDGF, NGF, b-FGF) 
caused PC-12 cells to differentiate [203, 204]. There is evidence that the sustained ERK1/2 
phosphorylation induced by NGF is due to positive feedback mechanisms via Protein kinase 
C but there are no studies to confirm that this mechanism is valid for sustained ERK1/2 
phosphorylation induced by H2O2 [205].  
 
The mechanism by which H2O2 activates the ERK1/2 pathway was also investigated. We and 
others [91, 92, 206]
 
have observed that EGFR is phosphorylated in a ligand-independent 
fashion after exposure to H2O2, leading to activation of the Ras/MEK/ERK pathway. In fact, 
EGFR has been identified as one of the central nodes in the phosphorylation signaling 
network after H2O2 treatment [206]. The exact mechanism by which H2O2 induces protein 
phosphorylation is not known but is likely to involve reversible oxidative inhibition of 
protein tyrosine phosphatase (PTP). As reviewed in chapter 1, the active site of all PTPs 
contains a conserved cysteine residue that has to be in the reduced thiol state for catalytic 
activity. The thiol group of this cysteine residue is believed to be predominantly in the form 
of thiolate anion due to numerous hydrogen bonding interactions. As thiolates are more prone 
to oxidation then thiols, PTPs are estimated to be 1000 time more reactive towards H2O2 then 
glutathione [76]. Reversible PTP inhibition by oxidation has been shown to be the main 




Scratch wounding also activates EGFR but the mechanism is ligand-dependent and is likely 
to be due to leakage of EGFR ligands from cells after scratch wounding. Earlier studies have 
shown that TGF-α is the most abundant EGFR ligand leaked out after scratch wounding in rat 
intestinal epithelial cells [207]. Some studies have also shown that adenosine triphosphate 
(ATP) that leaks out of cells after injury can also activate EGFR and the downstream ERK 
pathway [208, 209]. ATP can stimulate the purinergic receptors which then activate EGFR. 
This mechanism has also been postulated to be an important start signal for wound repair 
[210]. However our results showed that EGFR activation by scratch wounding can be 
effectively blocked by EGFR neutralizing antibody. More experiments would be needed to 
determine the contribution of ATP (if any) in wounding-induced EGFR phosphorylation in 
our model.  
 
There are multiple phosphorylation sites on EGFR and the phosphorylation pattern can be a 
form of regulation. In this study, only the main auto-phosphorylation site, Y1173 [211] was 
used to monitor EGFR activation. It has been reported that H2O2-induced EGFR activation is 
more sustained than that induced by EGF due to differences in the tyrosine phosphorylation 
pattern. Y1173 was found to be phosphorylated by both EGF and H2O2 but Y1045 was 
phosphorylated by EGF but not H2O2. Y1045 is important for the recruitment of the E3 
ubiquitin ligase, c-Cbl, which is needed for the internalization and degradation of EGFR. It 
was further suggested that the failure to activate c-Cbl-mediated down-regulation led to 
prolonged EGFR activation [212]. It is possible that similar mechanisms might regulate 





5.2 Effects of H2O2 on p38 phosphorylation and HaCaT keratinocyte migration 
Three important findings regarding p38 MAPK were discovered in our study on the effect of 
H2O2 in keratinocyte migration. First, we found that p38 was not needed for H2O2-induced 
cell migration. Secondly, we observed a crosstalk between the ERK and p38 pathway. Lastly, 
we uncovered a possible artifact regarding the use of a commonly used p38 inhibitor, 
SB203580. Each of these findings will be discussed in detail. 
 
Activation of p38 is most often associated with external stress (e.g. oxidative stress, osmotic 
stress) and depending on the stimuli, different genes are activated [213]. Earlier studies have 
also shown that p38 is needed for keratinocyte migration [87]. Therefore it came as a surprise 
that p38 MAPK was not needed for H2O2-induced cell migration or even basal level of cell 
migration. 
  
We also found that H2O2-induced phosphorylation of p38 was independent of EGFR 
phosphorylation. Earlier studies have shown that ROS can activate p38 via oxidation of 
thioredoxin.  Reduced thioredoxin binds to and inhibit ASK1 but oxidized thioredoxin does 
not [214]. ASK1 was found to be upstream of p38 and oxidation of thioredoxin was found to 
be important in the activation of p38 by H2O2 [215]. Similar to PTP, the thiol groups in 
thioredoxin are also relatively acidic compared to other cellular thiols, so they should react 
readily with H2O2 [76].  
 
Inhibition of p38 was also found to activate ERK. The enhancement of ERK1/2 
phosphorylation by p38 MAPK inhibition was concomitant with increased keratinocyte 
migration and proliferation. Increased ERK1/2 phosphorylation after p38 inhibition was first 
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identified in PC-12 cells [216] and increased p38 phosphorylation after MEK inhibition was 
first identified in RAW264.7 macrophages [217]. In our study, we demonstrated that the 
enhancement of ERK1/2 phosphorylation after p38 inhibition is pro-migratory and mitogenic. 
This is in agreement with work by others that has also shown that increased ERK1/2 activity 
derived from p38 inhibition increases cell proliferation and migration [218-220]. 
 
Lastly, we identified a possible artifact regarding the use of SB203580 in cell migration 
studies. We found that concentrations of SB203580 at or above 20 µM can inhibit the ERK 
pathway. At these concentrations, SB203580 can also inhibit basal level of keratinocyte 
migration as well as H2O2-induced keratinocyte migration. Other groups have reported that 
SB203580 can display non-specific inhibition of c-Raf [216] at high concentrations. As c-Raf 
is an upstream kinase of MEK and ERK1/2, it is plausible that SB203580 can attenuate 
ERK1/2 phosphorylation as well. Taken together, it appears that the migration inhibitory 
effects of SB203580 might be due to its non-specific inhibition of c-Raf. 
 
The issue of how much inhibitor to use for enzyme inhibition is a tricky issue. Other authors 
have reported that SB203580 is a weak inhibitor of p38 and was only effective at 20µM to 
inhibit phosphorylation of ATF, a transcription factor known to be phosphorylated by p38 
[88]. On the other hand, we found that SB203580 is an excellent inhibitor of p38 MAPK and 
was able to inhibit phosphorylation of MK2 even at sub-micromolar concentrations. There 
are many downstream substrates of p38 and one can arrive at different effective 
concentrations for inhibiting p38. We chose to monitor the phosphorylation of MK2 because 
it has been shown to be important in wound healing [100].  
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Besides the issue that SB203580 display non-specific inhibition, there are also other 
challenges that affects the study of p38 MAPK in keratinocyte migration. p38 MAPK have 4 
isoforms, namely α, β, γ and δ. Antibodies that are specific for p38 MAPK and its 
phosphorylated forms recognizes all the 4 isoforms but SB203580 only inhibits the α and β 
isoforms. Specific knockdown experiments would be needed to clearly identify the role of 
different p38 MAPK isoforms in keratinocyte migration.  
 
In general, there is disagreement over the role of MAPKs in cell migration. While some 
authors have shown that both ERK1/2 and p38 are needed for migration in keratinocytes [88], 
others have shown that inhibition of ERK1/2 activates p38, resulting in increased migration 
in corneal epithelial cells [219, 221]. Our study showed that ERK1/2, but not p38, was 
needed in HaCaT keratinocyte migration. It appears that the role of MAPK in cell migration 
could be dependent on the cell model being studied, the method of MAPK inhibition and the 
type and concentration of pharmacological inhibitors used.  
 
5.3 Effects of H2O2 on re-epithelialization in the co-culture model 
The monolayer scratch wound model has often criticized as an over-simplification of the re-
epithelialization process [222], hence we proceed to evaluate the effects of H2O2 in a two-
chamber type keratinocyte-fibroblast co-culture model. This model was originally used to 
study intercellular signaling between keratinocytes and fibroblasts separated by a semi-





A feature of keratinocyte-fibroblast co-culture cultured under airlift condition is that the 
keratinocytes will differentiate and stratify. Involucrin expression in the keratinocytes has 
been suggested to be a marker of stratification in such co-culture systems [177]. We were 
able to show that involucrin expression remains high throughout the entire period (and 
beyond) during which re-epithelialization was monitored, indicating the presence of stratified 
keratinocytes. 
 
Similar to the scratch wound model, it was found that H2O2 also stimulated re-
epithelialization in the model of wound healing. An interesting phenomenon that we observed 
was that keratinocytes and fibroblasts have very different sensitivity to stresses. While neither 
H2O2 nor NAC reduced the viability of the keratinocytes, the fibroblasts were sensitive to 
both. This could also be a reason why 250µM of H2O2 stimulates migration more than 
500µM as fewer fibroblasts were killed by 250µM H2O2.  
 
This observation highlights some of the benefits of the co-culture model of re-
epithelialization we developed. We were able to monitor the response of both the 
keratinocytes and fibroblasts to NAC or H2O2 which would not have been possible in the 
scratch wound model. The monitoring of cell migration and viability in the two-chamber type 
co-culture model is also more facile compared to other co-culture models such as the three-
dimensional organotypic culture models and ex vivo culture of skin explants.  
 
Three-dimensional organotypic cultures involve the culturing of keratinocytes on dermis 
equivalents created by mixing fibroblasts with type I collagen and allowing the collagen to 
solidify. Keratinocytes are seeded onto the dermis equivalent, allowed to attach, exposed to 
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the air-liquid interface before they are mechanically wounded [224]. Cell migration and 
proliferation would have to be studied using histological techniques. 
 
In the ex vivo explant model, skin biopsies of mice or human subjects are allowed to attach to 
a tissue culture dish and over the following days, the keratinocytes emerge from the edge of 
the explants and migrate steadily as a stratified sheet [222]. The rate of re-epithelialization 
process can be conveniently monitored using a normal phase contrast microscope. However 
the effect of any treatment on the fibroblasts in the explants would still need to be evaluated 
by histological techniques.  
 
The two-chamber co-culture model used in this project has an advantage over other co-
culture models as the keratinocytes and fibroblasts can be separated easily and the cell 
viability and proliferation measured separately. Protein, DNA and RNA from keratinocytes 
and fibroblasts can also be isolated separately in this co-culture model. Hence it could serve 
as a useful model for screening targets to be used for wound healing.  
 
5.4 Effects of antioxidants on re-epithelialization in the monolayer scratch wound 
model and co-culture model 
We observed that H2O2 stimulates cell migration in both the monolayer scratch wound model 
and the co-culture re-epithelialization model. It would be expected that antioxidants should 
retard wound healing in these models however the result is not as straightforward. 
Exogenously added catalase and NAC have no effects on cell migration in the monolayer 
scratch wound model. However, NAC retards re-epithelialization in the co-culture model. To 
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investigate this discrepancy, we have found that NAC can also retard cell migration in the 
scratch wound assay, but only if the cells were also stimulated with FBS (data not shown).  
 
A possible reason for this discrepancy is that keratinocytes in the monolayer model are in a 
quiescent state but keratinocytes in the co-culture model are actively proliferating. Actively 
proliferating cells produces more ROS than quiescent cells [225], which could allow NAC to 
exert its anti-proliferative and anti-migratory effects.  
 
The medium used in the co-culture also contains 2% FBS. FBS appears to be essential for 
NAC to exert its anti-migratory and anti-proliferative effects. FBS contains lysophosphatidic 
acid, a platelet derived phospholipid, an important mediator for cell migration. 
Lysophosphatidic acid was found to be the main component in FBS that stimulates formation 
of actin stress fibers, which is essential in all cell migration [226]. Lysophosphatidic acid can 
also stimulate production of ROS by NOX [227]. Besides lysophosphatidic acid, FBS might 
also contain other growth factors, such as PDGF, which might also activate NADPH oxidase 
[228, 229]. During serum deprivation, the levels of ROS in the keratinocytes might be low 
and therefore NAC could be unable to exert its anti-migratory and anti-proliferative effect. 
Other studies have also shown that the mitogenic and migratory effect of lysophosphatidic 
acid can be inhibited by NAC [227, 230].  
 
5.5 Effects of H2O2 on cytokine secretion 
In section 3.2, we demonstrated that H2O2 can induce the secretion of various cytokines in 
HaCaT keratinocytes and that this is dependent on the MAPK signaling pathways. The 
increased secretion of VEGF was also confirmed to be associated with increased transcription 
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but this does not preclude the possibility that H2O2 might also be involved in post-
transcriptional regulation. One of the best studied mechanisms of post-transcriptional control 
in cytokine expression is the binding of tristetraprolin and related family members to AU-rich 
elements in the 3‟ untranslated region. Tristetraprolin and its related family members are 
RNA-binding proteins that accelerate the decay of mRNA transcripts. This had been reported 
to be an important mechanism for rapidly down-regulating expression of pro-inflammatory 
cytokines such as TNF-α and IL-1 [231]. Phosphorylation of tristetraprolin prevents it from 
binding to mRNA transcripts. Both p38 and ERK1/2 have been shown to phosphorylate 
tristetraprolin [232, 233].  
 
Some of the cytokines that we have shown to be increased by H2O2, namely TNF-α [233], 
VEGF [234], IL-8 [235] and IL-6 [236], have also been shown to be regulated by 
tristetraprolin via ERK1/2 or p38. It is also known that GM-CSF and IP-10 are regulated by 
mRNA stability but it is not known if tristetraprolin is involved [237, 238]. It is therefore 
possible that H2O2 might also regulate cytokine expression by increasing mRNA stability but 
further work would be needed to establish this. 
 
The crosstalk between p38 and ERK also affected cytokine secretion. H2O2-induced secretion 
of group 1 and 2 cytokines, namely VEGF, IL-8, GM-CSF, TNF-α and IL-6 is dependent on 
ERK1/2 phosphorylation. As discussed in section 5.2, inhibiting p38 increases ERK1/2 
phosphorylation. Unsurprisingly, inhibition of p38 was found to further enhance H2O2 




H2O2-induced VEGF expression has never been directly linked to ERK1/2, which has 
previously been identified to play a key role in the transcriptional control of VEGF 
expression in hamster fibroblasts [239]. It was subsequently found that the expression of 
VEGF in hamster fibroblasts is dependent on the transcription factor Sp1, which gains 
maximal transcriptional activity only when phosphorylated by ERK1/2 at T453 and T739 
[240]. Sp1 was also found to be needed for H2O2-induced VEGF expression in HaCaT 
keratinocytes [154] but a requirement for ERK1/2 has not been demonstrated. In our study, 
we demonstrated that H2O2-induced VEGF expression requires ERK1/2 activity. 
 
The role of p38 MAPK in VEGF expression is less clear. Similar to our findings, VEGF 
expression has previously been shown to be down-regulated when ERK1/2 is inhibited but 
up-regulated when p38 is inhibited in a rat liver epithelial cell line [241]. Conversely, many 
other studies have shown that p38 is needed for induction of VEGF expression by a diverse 
range of stimuli, including IL-1β [242], endothelin [243], lipopolysaccharide [244] and 
carbon monoxide [245]. Furthermore, similar to ERK1/2, p38 can phosphorylate Sp1 at T453 
and T739. The VEGF promoter region to which Sp1 binds also varies depending on whether 
the upstream kinase is ERK1/2 or p38 [245]. Further work is needed to investigate the 
crosstalk between ERK1/2 and p38, with a focus on how Sp1 is affected by the crosstalk. 
 
H2O2-induced IL-8 expression has been previously shown to be dependent on ERK1/2, p38 
and JNK [127, 128]. The transcription factors involved are not known but promoter analysis 
has shown that the IL-8 promoter contain binding sites for AP-1 and C/EBP β. AP-1 refers to 
transcription factors composed of homodimers or heterodimers of the Jun family (c-Jun, 
JunD, and JunB) or heterodimers of the Jun family member with any of the Fos family 
members (c-Fos, FosB, Fra1, and Fra2). ERK1/2 can induce the expression of Fos [246] 
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while p38 can induce the expression of Jun [247], leading to the formation of AP-1 
transcription factor. C/EBP-β has also been shown to be the downstream target of the small 
GTPase Ras in keratinocytes [248]. Ras mediates much of its effect through the ERK1/2 
pathway and so C/EBP-β might also be involved in H2O2 induced IL-8 secretion. 
 
There has only been one previous report that 300µM of H2O2 induce expression of GM-CSF 
in keratinocytes [140]. However, only the relative mRNA level was measured using semi-
quantitative RT-PCR while the actual amount secreted was not determined. The human GM-
CSF promoter region contains four NFAT binding sites and it has been shown that NFAT 
cooperates with AP-1 to drive GM-CSF expression [249]. It is possible that there is a link 
between H2O2, ERK1/2, AP-1 and GM-CSF expression.  
 
TNF-α production in keratinocytes has been linked to the inflammatory response in skin. 
However the role of ERK1/2 and p38 is still confusing. ERK1/2 [250] and p38 [251] have 
been shown to be needed for TNF-α expression in keratinocytes. H2O2-induced expression of 
TNF-α is dependent on p38 in macrophages [150]. The promoter region of the TNF-α gene 
has been shown to contain binding sites for NF-κB, AP-1 and C/EBP-β [252]. The role of 
these transcription factors in regulating H2O2-induced TNF-α is unknown and can be further 
explored.  
 
In our study, H2O2-induced IL-6 expression was attenuated when the ERK pathway was 
inhibited. However, unlike the cytokines in group 1, its expression was not abolished by the 
absence of ERK signaling. Hence we postulate that ERK is only playing a supporting role in 
H2O2-induced IL-6 expression. The IL-6 promoter region contains binding sites for multiple 
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transcription factors including Interferon regulatory factor-1, AP-1, NF-κB, C/EBP and Sp1. 
NF-κB was found to be the single most efficient transcription factor to drive IL-6 expression 
in HeLa cells but c-Jun and C/EBPδ can cooperate with NF-κB to further increase 
transcription of IL-6 [253]. This is in agreement with our observation that inhibiting ERK1/2 
reduces IL-6 secretion but does not abolish it.  
 
IP-10 is a chemokine that attracts and activates T-cells. It has previously been shown to be 
expressed in skin with inflammatory skin diseases such as psoriasis [254] or in cultured 
keratinocytes after treatment with pro-inflammatory cytokines such as TNF-α or IFN-γ [255]. 
Our data appears to be the first observation that H2O2 can increase IP-10 secretion and that 
this is dependent on both ERK1/2 and p38. It is known that expression of IP-10 can be driven 
by NF-κB and AP-1 in U373 glioblastoma cells [256]. The induction of IP-10 by IFN-γ was 
found to be dependent on ERK1/2 and AP-1 but not p38 in mouse embryonic fibroblasts 
[257]. This might also be the mechanism by which H2O2 induces IP-10 expression in 
keratinocytes. 
 
It is clear that H2O2 induces the expression of various cytokines which might signal in an 
autocrine fashion. However autocrine signaling alone does not stimulate cell migration. The 
minimum concentrations of various cytokines needed to stimulate proliferation in 
keratinocytes were obtained from the literature and compared with the concentrations we 
measured in table 4. Cytokines concentrations are derived from the same data set as Figure 




The concentration of cytokines present in conditioned medium is much lower than the 
necessary concentration required to induce any change in keratinocytes proliferation, even 
though they can induce ERK1/2 phosphorylation. Therefore it is not surprising that the 
conditioned medium was unable to stimulate cell migration. 
Table 4: Comparison of cytokine concentrations 8 h after H2O2 stimulation and with literature 
values required to stimulate an observable phenotype. 
Cytokine Concentration after H2O2 
stimulation (pg/ml) 
Minimum Concentration needed 
to affect  keratinocytes (pg/ml) 
Ref. 
GM-CSF 0.26±0.03 300 † [258]  
IL-6 6.46 ±0.52 10, 000 † [259] 
IL-8 37.1 ±3.2 454 † [118]  
TNF-α 0.21±0.02 25800 †† [260] 
VEGF 357.2 ±23.8 5000 † [261] 
† Minimum concentration required to stimulate keratinocyte proliferation. †† Minimum 
concentration to inhibit keratinocyte proliferation 
 
Nevertheless, our results indicate that H2O2 can induce keratinocytes to produce angiogenic 
cytokines such as VEGF and IL-8 which might increase angiogenesis in wounds. H2O2 also 
induced expression of pro-inflammatory cytokines such as GM-CSF, IL-6 and TNF-α which 
would imply that wounds treated with H2O2 might also have increased inflammation.  
 
5.6 Effects of H2O2 on wound closure and connective tissue formation in the 
excision wound model 
Our results indicate that 166 mM of H2O2 retards wound closure in the murine excision 
wound model while 10 mM has no significant effect. 10 mM H2O2 on the other hand was 
able to stimulate angiogenesis. The typical concentration of H2O2 used for disinfection ranges 
from 1% to 3% which correspond to 326 to 979 mM. It is interesting to note that our study 
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shows that concentrations below that typically used for wound cleaning can already retard 
healing.  
 
Other studies have shown that 3% H2O2 reduced dermal regeneration and reduced dermal 
thickness in a porcine wound model [262], which is similar to the decreased connective tissue 
formation we are reporting.  
 
A possible cause for decreased connective tissue formation could be due to increased 
breakdown by the MMPs. In our study, we observed a statistically significant increase in 
MMP-8 levels and a smaller, non-significant increase in MMP-9 for wounds treated with 
H2O2. It is known that poor healing diabetic wounds tends to be more proteolytic due to 
increased levels of MMPs [263]. MMP-8 is the most predominant collagenase in acute 
wounds and chronic wounds [264]. MMP-9 is the most abundant gelatinase in chronic 
wounds [263]. MMP-8 cleaves triple helical collagen at specific sites, leading to the auto-
denaturation of collagen to gelatin which can be further broken down by gelatinases such as 
MMP-9 [265, 266]. Therefore it has been postulated that the excessive proteolysis could be a 
cause of poor wound healing in chronic wounds [15]. 
 
Besides breaking down the extracellular matrix, MMPs can also cleave cytokines such as 
EGF, reducing their biological activities [263]. Interestingly, MMP-8 has also been shown to 
cleave IL-8 and its mouse homologue LIX but the resulting fragments shows stronger 
neutrophil chemotatic properties [267]. This could be also be a possible mechanism for the 




There has been no previous report on the regulation of MMP-8 expression by the MAPKs or 
H2O2. Although MMP-8 is also known as the neutrophil-derived collagenase, it has also been 
shown to be expressed in fibroblasts, keratinocytes and macrophages. The main cellular 
source of MMP-8 and the mechanism by which H2O2 increases it is still unknown can further 
investigation is needed.  
 
TIMP-1 forms a 1:1 complex with metalloproteinases to inhibit their activity. Their 
expression is highest just after wounding and it decreases as the wound heals [268]. It has 
also been observed that chronic wounds tends to have lower levels of TIMP-1 [263] however 
we observed no differences between wounds treated with different levels of H2O2. 
  
Collagen type I and III produced by fibroblasts forms the bulk of the connective tissue in the 
healing wound. As shown in section 3.4.1, we observed that fibroblasts are more sensitive to 
H2O2. It has also been reported that fibroblasts are prone to oxidative stress-induced 
senescence [269]. Fibroblasts isolated from chronic wounds produce more ROS and display a 
senescent phenotype that is independent of telomere length [270].  Hence, this could be 
another possible explanation for decreased connective tissues formation in wounds treated 
with high concentrations of H2O2 but more work needs to be done to confirm this.  
 
3% H2O2 has also been shown to retard wound closure in mice but its effect on connective 
tissue formation and oxidative damage was not investigated. Moreover, the same group also 
found that 50 mM H2O2 promotes wound closure as well as increase angiogenesis[58]. 1% 
H2O2 has also been shown to promote healing in horses and reduce the bacterial load in the 
wounds. In patients, 1-1.5% H2O2 has been shown to be beneficial in cleaning and debriding 
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delicate wounds where manual debridement can lead to further injury. However, the use of 
H2O2 in surgery is not without pitfalls. Besides causing tissue damage H2O2 can also cause 
oxygen embolism if the wound site is near a major artery or vein [271-274]. One should take 
note of these complications when using H2O2 in wound healing and surgery. 
 
From our results and the literature reviewed, it appears that the use of high concentrations of 
H2O2 (< 166 mM or 0.5%) can be useful in a clinical setting for disinfection. However, in 
controlled laboratory environment where wounds are created in a sterile manner and no 
infection occurs during the healing process, high concentrations of H2O2 might lead to tissue 
damage. 
 
It was also observed that 10 mM H2O2 accelerates in vivo wound closure slightly but the 
difference was not statistically significant. This does not agree with the results from the 
scratch wound model and keratinocyte-fibroblast co-culture model which demonstrate that 
H2O2 can increase re-epithelialization rate.  
 
This discrepancy might be due to the inherent difficulty to observe enhanced wound closure 
in animals with loose skin as healing is already very rapid. In such animal models, 
contraction, instead of re-epithelialization and proliferation, is the main mechanism of wound 
closure [275]. Therefore animals with loose skin can heal very rapidly without having much 
proliferation. The spontaneously arising tight skin mouse mutant was found to heal slower 
than wild type mice [276]. Wild type animals can be made to heal slower if the skin is 
splinted to prevent contraction [277]. In these animal models, a scaffold, commonly a silicone 
ring is sutured onto the skin surrounding the wound as a splint. As the splint is inelastic, the 
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skin is unable to contract. The wound is forced to heal by re-epithelialization and 
proliferation, thus the healing rate is greatly reduced. To illustrate the significance of wound 
contraction in animals with loose skin, removal of the splint midway during healing will 
allow the wound to gain 2 days worth of wound closure in 1 h [278]. Myofibroblasts present 
in those wounds are already applying traction on the edges of the wound to pull it to the 
center. That is why, once the splint is removed, the wound closed up rapidly. 
  
Another model of wound healing that does not undergo much contraction is the rabbit ear 
model of wound healing. The skin of the ear is strongly adhered to the underlying cartilage so 
little contraction occurs[279].  It is possible that 10 mM H2O2 might have an effect on wound 
closure in human wounds but more work would need to be done in these wound models that 
do not undergo significant wound contraction.  
 
5.7 Effects of H2O2 on angiogenesis in the excision wound model 
The signaling role of H2O2 in angiogenesis has been investigated by many groups. Over-
expression of NOX 1 and 4, which produce O2
•-
 and ultimately H2O2, has been shown to 
increase angiogenesis in tumors [280, 281]. Molecular mechanisms, including oxidation of 
the tyrosine phosphatase PTEN [282], induction of NOS2 expression [283], phosphorylation 
of NOS3 [284] and increased expression of transcription factor ETS [285] have been reported 
to be associated with H2O2-induced angiogenesis. H2O2 has also been shown to increase 
expression of VEGF which could be the mechanism of increased angiogenesis in mice 
excision wounds treated with H2O2. Over-expression of catalase leads to poor wound healing 




Another method that may increase available H2O2 in a cell is to over-express MnSOD [286] 
which has been found to improve wound closure in mice with Type I diabetes [287]. 
Transplanting endothelial progenitor cells over-expressing MnSOD into db/db mice, a 
commonly used model for Type II diabetes, restored normal wound angiogenesis [288]. 
MnSOD overexpression has also been found to increase the contractility of fibroblasts in a 
collagen contraction model, suggesting that H2O2 might also regulate wound contraction 
[289]. However, it should be noted that over-expression of MnSOD not only increase H2O2 
but also could decrease O2
•-
. Both or either action could be involved in the acceleration of 
wound healing.  
 
However, the effect of H2O2 on angiogenesis is likely to be biphasic. H2O2 has been shown to 
induce tube formation in endothelial cells but high H2O2 concentrations kill them [290, 291]. 
Low concentrations of H2O2 induced angiogenesis in a chicken embryo model of 
angiogenesis but high concentrations of H2O2 inhibited it [292].  
 
All the evidence reviewed is consistent with our observation that 10 mM H2O2 promoted 
angiogenesis but higher concentrations have no effect on angiogenesis. More work should be 
done to determine if H2O2 also has a biphasic effect on the expression of pro-angiogenic 
cytokines in wounds. The role of the ERK and p38 pathways in cytokines expression should 




5.8 Effects of H2O2 on ERK1/2 and p38 MAPK phosphorylation in the excision 
wound model 
Current evidence indicates that activation of ERK facilitates wound healing. It has been 
shown that mice heterozygous for ERK2 heal slower than wild type mice in a burn wound 
model [103]. Recombinant PDGF, which has been approved for use in patients with chronic 
wounds, was shown to accelerate wound healing in mice with concomitant ERK1/2 
phosphorylation [104]. U0126, an inhibitor of the MEK has also been shown to retard wound 
closure [139].  As described in chapter 3.1.2, it is the persistent activation of ERK that leads 
to improved healing in the scratch wound model. Future work should focus on the effect of 
H2O2 and the kinetics of ERK phosphorylation in the excision wound model. 
 
The role of p38 MAPK in in vivo models of wound healing is less clear. Our in vitro studies 
indicate that p38 is not needed for keratinocyte migration (section 3.1.5). Previous work has 
also shown that topical application of p38 inhibitor increased wound strength [293] and 
decreased the microbial load in burns [294]. On the other hand, mice deficient in MK2, a 
downstream kinase of p38 have retarded wound healing [100]. A soluble lipid mediator was 
found to improve wound healing in diabetic mice by increasing p38 but not ERK1/2 
phosphorylation [295]. The effect of increased p38 phosphorylation after treatment with H2O2 
needs to be further investigated.  
 
5.9 Effects of H2O2 on inflammatory cell infiltration in an in vivo model of wound 
healing 
There was increased neutrophil but not macrophage infiltration in wounds treated with 166 
mM H2O2. 10 mM H2O2 did not affect neutrophil or macrophage infiltration on day 6 post-
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wounding. There are several ways in which H2O2 might have increase neutrophil infiltration. 
Firstly, H2O2 could act as a chemoattractant for neutrophils. Wounding in zebrafish has been 
shown to induce H2O2 production, which in turn attracts neutrophils [3]. Thus, it seems 
plausible that daily repeated application of a neutrophil chemoattractant on the wounds would 
result in persistent inflammation.  
 
Secondly, H2O2 might induce expression of chemokines that recruit neutrophils. Our in vitro 
experiments showed that H2O2 increases expression of IL-8, a neutrophil-specific chemokine, 
via ERK1/2 phosphorylation in human keratinocytes. Mice wounds also showed increased 
ERK1/2 phosphorylation when treated with H2O2. It seems plausible that topical H2O2 
application might increase expression of KC and MIP-2, the homologues of IL-8 in mice. 
This will have to be further tested in our excision wound model.  
 
Lastly, necrotic cells can release diverse molecules, such as the nuclear protein HMGB1 and 
mitochondrial DNA, which not only attract neutrophils but also activate them [296]. These 
are also known as damage-associated molecular patterns (DAMP) and interact with the toll-
like receptors on neutrophils. To determine if necrotic cells could be the cause of increased 
neutrophil accumulation, the number of dead or dying cells in the wounds should be 
measured.  
 
The effect of increased neutrophil infiltration is also not clear. Neutrophils produce ROS 
when activated and also secrete a number of proteases, both of which can cause tissue 
damage (section 1.2.2). As discussed in section 1.2.2, whether neutrophil or macrophage is 
beneficial in wound healing depends very much on the model used to study them. There is no 
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simple answer as to whether increased neutrophil or macrophage infiltration is beneficial in 
wound healing. To further illustrate this point, consider the following: It has been reported 
that there is increased neutrophil and macrophage infiltration in wounds from ob/ob mice. 
These mice have a mutation in the leptin gene and are models of type II diabetes. Systemic 
administration of leptin improves healing and reduces neutrophil but not macrophage 
infiltration [297]. On the other hand, topical application of GM-CSF improved healing in 
mice with streptozocin-induced diabetes, a model of type I diabetes, but was also associated 
with increased neutrophil and macrophage infiltration [163].  
 
Although we observed increased neutrophil infiltration, we did not observe increased 
oxidative damage in terms of lipid peroxidation. This implies that the neutrophils might not 
be producing additional ROS or the increase in ROS is effectively countered by the 
endogenous antioxidant defense system. Neutrophils are important sources of MMP-8, which 
we had found to be significantly increased in wounds treated with 166 mM of H2O2. However, 
neutrophils are not the only source of MMP-8 as fibroblasts, keratinocytes, macrophages and 
endothelial cells have all been observed to produce MMP-8 [192, 298]. More investigation is 
needed to acertain if the increased levels of neutrophils contribute to the delayed healing in 
wounds treated with high concentrations of H2O2. Redox proteomics studies might also 
provide clues to how H2O2 can delay wound healing [299]. 
 
5.10 Effects of H2O2 on oxidative damage in the excision wound model 
As discussed in section 1.3.4, there is no good proof of increased oxidative damage in 
wounds or that oxidative damage is a cause for chronic wounds. Previous studies have 
claimed decreased lipid peroxidation in wounds as measured by thiobarbituric acid reactive 
substances (TBARS) [67-69]. The authors suggested that the decrease might be due to 
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changes in lipid profile of wounds and that wounds might have a higher content of saturated 
fatty acids, rendering them resistant to lipid peroxidation. However this postulation was not 
substantiated. Early experiments have shown that the lipid composition of the skin can 
change during differentiation [300] and inflammation [301]. However, these studies only 
performed gross characterization (i.e. quantifying the amount of neutral, polar and 
sphingolipids) and provides no information of the fatty acid composition or their degree of 
unsaturation. Contrary to the postulation that wounds have lower levels of unsaturated fatty 
acids, we observed higher levels of arachidonic acid, a polyunsaturated fatty acid, in wound 
tissues. There are also reports of higher levels of arachidonic acid along with other 
polyunsaturated fatty acid in hypertrophic scars compared to normal skin [302]. It appears 
that wounding actually increases polyunsaturated fatty acid content in the skin instead of 
reducing it. These changes could be due to changes in the fatty acid biosynthesis in the 
keratinocytes and fibroblast in response to inflammation and proliferation signals. They could 
also be due to changes in cellular composition of the wounds as inflammatory cells infiltrate 
the wounds. Further studies would be needed to determine the reason for change in fatty acid 
composition during wound healing.  
 
In this study, we observed higher levels of F2-isoprostanes in wounds compared to skin, with 
the highest level observed 1 day after wounding. This contradicts the results as measured by 
TBARS. A possible reason is the lack of specificity of the TBA assay. Various interfering 
compounds including glucose, sucrose, ribose, and glycoproteins, have been identified. The 
formation of the MDA-TBA chromogen is also dependent on antioxidants and iron present in 
the tissues [303, 304]. The F2-isoprostanes are more reliable markers of lipid peroxidation 
and there are strong links between F2-isoprostanes and diseases associated with increased 




Another group has shown that levels of F2-isoprostanes are higher in wound fluids from 
chronic wounds than from acute wounds [70]. The results are normalized against the volume 
of wound fluid collected. However the composition of wound fluid is dependent on the 
hydration status of the patient, therefore the comparison might not be valid. Studies on wound 
fluid also do not provide information on wether wounding affects lipid peroxidation. To the 
best of our knowledge, the data in this thesis are currently the only study on the changes of 
F2-isoprostanes in wound tissues compared to intact skin and they relate to arachidonic acid 
levels. 
 
There is a possible confounding factor in our study of lipid peroxidation in wounds. Wound 
tissues were found to contain higher levels of arachidonic acid, the precursor fatty acid for the 
F2-isoprostanes. Nevertheless, it is unlikely that the higher levels of lipid peroxidation 
observed after wounding is simply due to an increase in arachidonic acid levels. Firstly, the 
levels of F2-isoprostanes in wounds have been normalized to arachidonic acid. Secondly, the 
increase in arachidonic acid lags behind the increase in F2-isoprostanes. The levels of F2-
isoprostanes peak 1 day after wounding but the levels of arachidonic acid peak 3 days after 
wounding.  
 
Despite the lack of solid evidence that demonstrates increased oxidative damage is 
detrimental to wound healing, many groups have reported how different compounds or plant 
extracts were able to improve wound healing by decreasing oxidative damage [306-312]. 
Interestingly, our group has also shown that polyphenols in plant extracts can undergo 
oxidation to generate H2O2 [313]. Polyphenols in grape seed have also been shown to 
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enhance healing and also reduce the GSH:GSSG ratio, indicating a more oxidative 
environment in the wound [314]. Our study showed that H2O2 can retard healing without 
increasing oxidative damage significantly. It appears that oxidative damage is not as critical 
in poor healing as previously thought. More work should be done to evaluate the effects of 
H2O2 on other markers of oxidative damage, such as protein carbonyls and 3-nitrotyrosine to 
further investigate changes in oxidative damage.  
Conclusion 
In this thesis, we explored the role of H2O2 in wound healing. We and others have shown that 
H2O2 can play a signaling role in wound healing. We demonstrated that H2O2 can induce 
keratinocyte migration in two in vitro models of wound healing and that the ERK pathway is 
needed for cell migration. H2O2 was also shown to increase pro-angiogenic and pro-
inflammatory cytokine as well as chemokines in an in vitro keratinocyte cell culture model. 
Taken together, H2O2 should increase wound closure, angiogenesis and inflammation.  
 
Results from our in vivo studies indicated that H2O2 at concentrations lower than that used for 
disinfection (166 mM) can increase inflammation as well as retard wound closure and 
connective tissue formation. This could be due to increased proteolysis as we observed 
increased MMP-8 in wounds treated with high concentration of H2O2. Low concentrations of 
H2O2 (10 mM) can promote angiogenesis without significantly increasing inflammation, 
proteolysis or delaying wound closure. 
 
Is H2O2 beneficial for wound healing? This question is difficult to answer. Studies from 
genetically modified models have been inconsistent. Mice deficient in Prx 6, an enzyme that 
reduces H2O2, showed increased hemorrhage after wounding [315]. However mice that over-
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express catalase showed delayed wound closure and reduced angiogenesis [58]. On top of 
that, even if H2O2 does promote wound closure, connective tissue formation and angiogenesis, 
the markers of wound healing quality measured in this thesis, the outcome might still be 
undesirable. Hypertrophic scars have increased connective tissue deposition[316], 
angiogenesis [317] and increased production of pro-angiogenic cytokines [318, 319]. Not 
only are these scars aesthetically unappealing, they are also mechanically weaker than the 
original tissue. Fetal wounds are known to heal without scarring [320] and it has been shown 
that H2O2 causes fetal wounds to scar with concomitant increase in inflammation [321]. To 
answer if low concentrations of H2O2 are beneficial for wound healing, one would need to 
find out if the H2O2-induced angiogenesis we observed is also associated with increased 
scarring. Unfortunately, the mice excision wound model does not form scars after healing. 
Other models of wound healing would be needed to determine if H2O2 can promote healing 
but with increased scarring.  
 
Is H2O2 detrimental for wound healing? At sufficiently high concentration, yes. However, it 
is most likely not due to increased oxidative lipid damage because we did not detect 
increased lipid oxidation products in wounds treated with H2O2. More work needs to be done 
to determine if H2O2 affects other markers of oxidation as well as to determine if there is 
increased proteolysis due to neutrophil infiltration.  
 
Regardless of whether H2O2 is beneficial or detrimental in wound healing, this thesis and 
work from other groups have shown that H2O2 can affect cell migration, proliferation and 
inflammation in wounds. 
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